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P R E F A C E 

Of all of the endeavors undertaken in this decade, the successful accomplishment of manned 
lunar landing and the beginning of detailed lunar exploration have most excited the imagi­
nations of earth's population. While the cost was extreme the step was inevitable, and it was 
possible to watch the drama unfold over the quarter miUion miles of distance from earth to 
the lunar surface. The expeditions, feats of extreme technical complexity, were accomplished 
through the meticulously coordinated activities of many thousands of individuals over a 
period of preparation encompassing almost this entire decade. Their admirable success de­
pended heavily upon the precision of advanced electronic vectoring, ranging, control, com­
putation, and communication. While man himself was a vital force, compensating for equip­
ment hmitations and applying his intelhgence, senses, and hands toward the success of the 
mission at all stages, he also was almost completely protected from the stresses of the other­
wise intolerable space environment by his spacecraft and suit. 

During this same decade a much less heralded but equally hazardous extension of man's 
capabilities has occurred in manned undersea activity in sealed submersibles, resembling their 
spacecraft counterparts, and by divers unprotected from the cold, dense, high pressure undersea 
environment. Individuals and small groups have made major advances—extending diving 
durations to months, diving depths to the limits of our continental shelves, and penetrating in 
capsules to the deepest part of the sea. These advances have occurred in spite of the severe 
handicaps imposed by the submarine environment. 

The circumstances of manned undersea exploration have resembled the space probes only 
in small part. While direct visual and acoustic monitoring has been possible over the distances 
between earth and lunar explorer, darkness and turbidity often limit undersea vision or video 
monitoring to a range of a few feet, and, at the greater depths, transfer of human intelhgence 
by vocal communication is disturbed by the necessity for substituting helium for a denser and 
more narcotic inert gas. 

In diving, every gas respired is a potentially incapacitating or even lethal toxin as the pres­
sure of the gas increases with diving depth. With the dramatic extensions of open sea diving 
and laboratory pressure chamber studies, pressures equivalent to at least 1700 feet of sea-
water have now been reached. The increasing work of moving gas through the pulmonary 
airways, work which is neghgible in the astronaut, is approaching the hmits of tolerance for 
the deep diver who must spend many days at great pressure to make his undersea activity 
truly useful. However, it is the pressure associated with depth itself and not decompression 
from diving that should be considered the ultimate limitation. Inevitably a depth will be 
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reached in which the work of breathing performed by the respiratory musculature, even in 
the diverts resting state, will be so severe that the respiratory exhaustion which must occur 
will lead to ''respiratory decompensation,'' and risk of death will exist during the multiday 
decompression from extreme excursions. Even with the expected shortening of decompression 
requirements, it will continue to take more days to return by decompression from extended 
direct exploration of the continental shelves than to return to earth after the same period of 
time spent in exploration of a lunar ''sea." 

This volume represents one more step in the continuing effort to discover and understand 
the physiologically limiting effects of undersea, high pressure exposures. The scope of the 
presentations and discussions ranges from the most fundamental of biological reactions through 
the integration of physiological stresses to the description of limits actually encountered in 
diving operations. This volume represents one of a series of compendia of correlated questions, 
data, and conceptual interpretations, providing information and insight both to the new 
student and the advanced investigator of unusual environmental conditions. As has continued 
to be the case, the results of the physiological explorations in this relatively speciaUzed field of 
undersea medicine bear directly and importantly upon many other aspects of the biomedical 
sciences. Thus the studies of narcotic influences of inert gases interest the clinical anesthesi­
ologist, psychologist, psychiatrist, and neurologist. Mechanical Hmitations of ventilation at 
great depth provide the pulmonary physiologist with information and understanding concern­
ing the asthmatic or emphysematous patient. The mechanisms of oxygen intoxication and 
methods for protection against it pertain both to the most basic sciences of biology and to the 
therapeutic use of oxygen at normal atmospheric pressure and in hyperbaric states. These de­
tailed studies of tolerance to environmental extremes, therefore, have scientific and practical 
pertinence extending far beyond the primary goal of preparing for extension of man's activity 
beneath the sea. They stand as exemplary and farsighted at this time of final awakening of 
man to his ignorant destruction of his natural atmosphere and environment. 

C. J. L A M B E R T S E N 
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THE SCOPE OF CHEMICAL OXYGEN POISONING 

Niels Haugaard 

The work of Paul Bert (3) in the last century established without doubt that breathing 
oxygen at pressures above a certain value is incompatible with normal life. He observed that 
increased pressures of oxygen produced a characteristic syndrome in mammals that he called 
oxygen poisoning. The most marked and dramatic manifestation of oxygen toxicity was the 
opisthotonus and clonic-tonic convulsions induced in mammals exposed to hyperbaric oxygen. 
Paul Bert also understood and demonstrated that oxygen poisoning was not a phenomenon 
confined to animals with a central nervous system, but could be elicited in lower animal organ­
isms and plants as well. At a time when the existence of enzymes had not been firmly estab­
lished, he recognized that ''ferments/^ substances that were capable of degradative reactions 
such as digestion of meat, could be inactivated by oxygen. 

The history of the discovery of O2 poisoning and the early work in this field has been treated 
in several review articles (1, 5, 6, 8,14) and will not be discussed in detail here. 

It should be emphasized that, although O2 is necessary for the production of energy and 
survival of all aerobic cells, it is also a universal cellular poison. It is only because cells in 
the course of evolution have developed special defense mechanisms against the toxic effects of 
O2 that Ufe as we know it has been able to flourish. In a sense, the study of O2 toxicity is the 
study of the ways in which organisms manage to protect themselves against the oxidizing 
potential of molecular O2. Viewed in this way, O2 poisoning is not a special phenomenon seen 
only under unusual circumstances such as in deep-sea diving or when animals or men are 
exposed to elevated pressures of oxygen in high-pressure chambers. Toxicity of O2 is a fact that 
all organisms on earth have to contend with. The difference between the biological effects of 
O2 at 0.2 atm and at 1, 2, 3, or 10 atm is only one of degree. Physiological or biochemical studies 
of animals or man exposed to elevated pressures of O2 can therefore also be expected to lead to 
important information about the role of O2 in regulating cellular activity at the tension of O2 
normally present at sea level. 

Another important consideration in this connection is that the concentration of O2 that pro­
duces a toxic effect on cellular metabolism is not necessarily that present in the gaseous at­
mosphere surrounding the organism. In a mammaUan cell the tension of O2 is a function 
of the blood supply, the diffusion of O2 from the blood vessel to the cell, and finally the rate of 
O2 uptake per unit weight of tissue. In rapidly respiring tissues, such as brain cells, the O2 

1 
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FIG. 1. Possible mechanisms involved in the inactivation of S H enzymes by O2. 

tension is therefore far less than that of the arterial blood (11). Therefore, when convulsions 
occur in animals or man exposed, for example, to inspired O2 tensions of 3 atm, the P02 that 
produces the toxic effects in the CNS ranges from nearly 3 atm at some enzymic locations to 
considerably below 1 atm in other intracellular sites (12). 

The mechanism by which O2 exerts its toxic effect on cells has intrigued many investigators 
and is a problem that is still unsolved. One reason for this is that there is not one but probably 
a great many sites at which O2 exerts effects on metabohc reactions or on specific cellular 
functions. 

Studies with isolated enzymes and tissue preparations in vitro have shown that many enzymic 
reactions are resistant to prolonged exposure to high pressures of oxygen (HPO), but also that 
many enzymes are quite easily inactivated by O2 (1, 5, 8, 14). Among these are the so-called 
sulfhydryl (SH) enzymes, which contain an SH group which is necessary for their activity. 
Among these are several hydrolytic enzymes, many dehydrogenases (including a key enzyme 
in glycolysis), glyceraldehyde phosphate dehydrogenase (GAPD), and certain enzymes con­
cerned with the respiratory chain and oxidative phosphorylation. 

Inhibition of SH enzymes by O2 theoretically can occur by one of several mechanisms. These 
are illustrated in Fig. 1. If two SH groups are present close to each other on the surface of the 
protein enzyme, oxidation can occur within the molecule to form a disulfide (S-S) linkage. 
This may be the mechanism of O2 effect upon GAPD, which has two SH groups in cysteine 
moieties separated by only three amino acids. If an enzyme protein contains only one SH 
group or SH groups widely separated, oxidation may occur between two enzyme molecules. 
Such a bimolecular reaction between enzymes is not likely to occur to any great extent and 
inactivation of an SH enzyme will probably take place mostly by mechanism 3 illustrated 
in Fig. 1. This mechanism represents a prior oxidation of a nonprotein, cellular SH compound 
such as glutathione followed by mixed disulfide formation. The last reaction is reversible and is 
also the reaction by which oxidized SH enzymes can be reactivated by a substance such as 
reduced glutathione (GSH). 

The schema demonstrates the dual role that gluthathione, a universal constituent of cells, 
can play. By being oxidized it can react with SH groups of enzymes to inactivate them. In its 
reduced state it can regenerate enzyme thiol groups and in this way reverse the toxic effects of 
O2. 

2



T H E S C O P E O F C H E M I C A L O X Y G E N P O I S O N I N G ό 

T A B L E I 

MOLECULAR MECHANISMS OF OXYGEN TOXICITY" 

1. Direct oxidation by molecular O2 
2RSH + }̂  O2 ->RSSR + H2O 

2. Oxidation by free radical formation 
RSH + O2 - > R S . + ΗΟ2· 
RSH + H O 2 — > R S . + H2O2 
2RS >RSSR 
H2O2 catalase H2O + ^ O2 

Sum: 2RSH + O2 -^RSSR + H2O 

° For a discussion of free radical 
mechanisms in O2 toxicity, see 
Gilbert (7). 

Considerable thought has been given to the manner in which the oxidation of SH groups by 
O2 is brought about. Two possibilities are illustrated in Table L In one, an increased concentra­
tion of O2 may by mass action drive a reaction such as the oxidation of GSH toward the right 
(2GSH + 3^02 GSSG + H2O). On the other hand, free radicals such as RS- and ΗΟ2· 
could be formed during hyperbaric oxygenation. ΗΟ2· subsequently can oxidize a second thiol 
group to produce the free radical RS« and hydrogen peroxide. Two moieties of RS- can then 
combine to form a disulfide. The hydrogen peroxide can be expected to be degraded by the 
ubiquitous enzyme catalase. Note that the net result of the two processes is the same. Which 
mechanism is the predominant one is not known; however, the fact that certain trace metals, 
such as cupric and ferrous ions, are essential for the oxidation of SH groups by O2 favors the 
view that free radicals are involved in this mechanism of O2 toxicity. 

Among the possible biochemical sites of O2 toxicity are: (1) SH enzymes; (2) thiol-containing 
coenzymes, Upoic acid, coenzyme A, and GSH; (3) flavoprotein enzymes, particularly those 
containing nonheme iron in addition to SH groups; (4) enzymes requiring pyridoxal phosphate 
as a coenzyme—of particular interest here is glutamic acid decarboxylase (GAD), the enzyme 
responsible for the formation of 7-aminobutyric acid (GABA) in the nervous system; and 
finally, (5) Hpid peroxidation should be considered. Lipids containing double bonds are essential 
constituents of cell membranes and many enzyme aggregates. These Hpid substances form per­
oxides in the presence of a high concentration of O2 and can be destroyed during this process. 
Lipid peroxidation is catalyzed by several trace metals, especially iron, and may play an im­
portant role in the development of O2 toxicity. 

Figure 2 illustrates the steps in carbohydrate metabolism that are susceptible to the toxic 
action of O2. In glycolysis the enzyme GAPD is quite easily inactivated (10). This has been 
demonstrated with several in vitro systems. After inactivation by O2, the enzyme can be re­
activated by incubation with an SH reagent. The next step in glucose oxidation that has been 
found to be inactivated by O2 is the oxidation of pyruvate and this may involve the oxidation 
of either lipoic acid or coenzyme A to the oxidized form. In the TCA cycle itself several de­
hydrogenases contain SH groups and have been demonstrated to be inactivated in in vitro 
systems by O2. In the respiratory chain there are a number of flavoprotein enzymes that are 
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FIG. 2. Enzyme reactions in carbohydrate metabolism and energy production susceptible to O2 toxicity. 

exceptionally vulnerable to O2 toxicity. Inactivation of one of these may be involved in the 
inhibition of reverse electron flow (the reduction of NAD by succinate) demonstrated by 
Chance and his collaborators (4). Finally, we come to oxidative phosphorylation, the forma­
tion of ATP Hnked to the reactions of the respiratory chain. These processes have recently 
been found to depend on the presence of free SH groups since agents that react with SH groups, 
such as organic mercurials and various disulfides, can completely inhibit oxidative phosphoryla­
tion by mitochondria (9). 

In the search for a biochemical site of O2 toxicity, too little emphasis has probably been 
placed on locahzation of particular physiological functions that may be interfered with, in­
hibited, or possibly stimulated in the organism exposed to an elevated pressure of O2. The 
characteristic convulsions exhibited by mammals at 3 atm O2 or greater certainly indicate 
that neuronal pathways in the CNS do not operate normally. The disturbance of the metab­
olism of glutamate and GABA as a possible cause of the neuronal dysfunction will be discussed 
later by Dr. Wood. 

Important though they are, derangements of CNS function are not the only signs of O2 
toxicity and many other cellular functions are interfered with during exposure of an animal to 
an elevated tension of O2. Many physiological processes involve the transfer of molecules or 
ions across the cell membrane; the transport of some of these such as sodium or glucose con­
stitutes what has been called ^^active transport—movement across a membrane of a substance 
by a process that requires the expenditure of energy by the cell. The sites of such reactions 
should be considered as potential sites at which O2 could exert a toxic effect. 

Other possible sites of O2 toxicity are synapses in the nervous system (autonomic or central), 
sites at which neurohumors are released, exert an action on the postsynaptic membrane, and 
are finally destroyed. It is conceivable that one or more of the reactions of synaptic transmission 
are influenced by an elevated pressure of O2. 

A third possible site of O2 toxicity involves the mitochondria. These organelles are involved 
not only in the production of energy by oxidative phosphorylation but also in the uptake and 
release of Ca and other ions in the cell. Free SH groups have already been mentioned as essential 
for oxidative phosphorylation. Oxidation of such groups by O2 can be expected to interfere 
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Trace metal added 

Δ Glucose 
(Mmoles/ml/40 min) 

ATP net synthesis 
(Mmoles/ml/40 min) 

Trace metal added 10% O2 100% O2 10% O2 100% O2 

None 3.76 3.31 1.03 0.64 

Fe2+ 2.82 1.91 0.37 0.15 

Co2+ 3.60 3.77 1.19 1.04 

Fe2+ + Co2+ 3.55 3.46 1.16 0.62 

« The homogenates were incubated at 37° C in the presence of KCl, MgCl2, phosphate buffer, glucose, and 
AMP as phosphate acceptor. The results are the mean values from 10 or 12 separate incubations. 

^ Results are from Ph.D. thesis of C. Williams, University of Pennsylvania, 1969 (15). 

with normal cell function. Since O2 at 1 atm or less has been found to inhibit cell division in 
tissue cultures, the cell nucleus should also be considered as a possible site of O2 toxicity. 

Bean and Bohr (2) and Riggs (13) showed that O2 at 7 atm caused an immediate and dra­
matic decrease in tension of a smooth muscle preparation. This effect was completely reversed 
by returning the preparation to O2 at 1 atm. These experiments raise the possibility that 
HPO may affect the contractile proteins themselves or possibly the release or uptake of Ca 
by cellular elements. 

Finally, in a list which is far from complete, is included the possibility that an increased 
tension of O2 might interfere with the normal synthesis and release of acetylcholine or nor­
epinephrine at nerve terminals. Thus far, no evidence for or against such a hypothesis has been 
presented. 

Certain of our own experiments concern the effects of O2 on systems studied in vitro. Such 
studies may not reveal what happens in the intact organism exposed to O2, but they do illustrate 
some of the specific actions that O2 can exert on metaboUc reactions. Williams, in our labora­
tory, has shown that O2 at 1 atm, as expected from experiments with SH inhibitors, interferes 
with oxidative phosphorylation and Ca uptake by rat liver mitochondria (15). However, the 
damage produced was greater than that observed after addition of most SH reagents and it is 
possible that the effect of O2 involved not only oxidation of SH groups but other reactions 
(possibly lipid peroxidations) as well. 

Experiments were also carried out with rat brain homogenates (15) which were incubated 
with a-oxyglutarate (a-OG) as substrate and AMP as phosphate acceptor. Substrate oxidation 
and net ATP formation were measured. In every experiment the formation of ATP was in­
hibited to a greater extent and, what is perhaps more important, at an earlier time than the 
oxidation of the substrate a-OG. The experiments illustrate the great vulnerabiUty of oxidative 
phosphorylation to O2 toxicity, at least in in vitro systems. 

The experiments reported in Table II are concerned with the effect of trace metals on O2 
toxicity on brain metabolism in vitro. In the absence of added trace metals, glucose utiUzation 
was inhibited to a smaller extent in 100% O2 than it was in 10% O2. However, ATP accumula­
tion in the brain preparation is markedly depressed. Ferrous ions inhibited both glucose 

T A B L E I I 
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FIG. 3. Oxygen toxicity in heart homogenates. Heart homogenates were incubated for 15 min at 37° C with 
fructose diphosphate as substrate. Glycolytic intermediates were determined at the end of the experiment. 
For details, see Horn et al (10). ( • ) 10% O2; m) 100% O2. 

utilization and net ATP formation and accentuated O2 toxicity. Cobalt ions had quite the 
opposite effect. They completely prevented O2 toxicity and overcame the effect of ferrous ions 
so that in the presence of both ferrous and cobalt ions the system behaved as if no trace metal 
ions had been added. The experiments illustrate the remarkable effect that trace metals have 
on O2 toxicity. Some metal ions accentuate O2 toxicity and others are capable of protecting 
enzymes against inactivation by O2. The role of metal ions in influencing O2 poisoning deserves 
further study. 

Figure 3 shows the results of experiments with heart homogenates (10). In this system, in 
contrast to brain homogenates, O2 at 1 atm produces an inhibition of GAPD leading to a 
marked decrease in the rate of glycolysis. With fructose diphosphate as substrate there is a 
definite crossover point at the phosphoglyceraldehyde dehydrogenase reaction leading to an 
accumulation of metabolites, such as trióse phosphates, above the metabolic block and a 
decrease in concentrations of metabolites, such as 3-PGA, below the block. In this system 
ATP formation from glycolysis is also inhibited by 100% O2 in comparison with 10% O2. In the 
presence of the thiol compound dithiothreitol (DTT) all effects of O2 are abolished. 

The in vitro experiments reported here demonstrate the vulnerabiHty of several metabolic 
reactions to inactivation by O2 and the effects that trace metals have on the toxic action of 
O2 on metabolism. The experiments illustrate what may^ but not necessarily what does, happen 
in the intact organism when it is exposed to an elevated pressure of O2. 

It is evident from all the foregoing that the '^scope of oxygen toxicity" is broad both in 
mechanism and effect. I would hke to emphasize what appears to me to be the most important 
characteristics of O2 toxicity. 

1. It can manifest itself in a great variety of ways. Most, if not all, cells are susceptible to 
O2 toxicity. Toxic effects of O2 have been demonstrated in bacteria, plants, cell cultures, 
amphibians, and mammals. Effects vary from inhibition of cellular movement and division of 
cells to impairment of highly speciahzed functions such as those performed by the lung, retina, 
or CNS. 
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2, Oxygen poisoning must involve many fundamental biochemical reactions such as those 
concerned with energy production, transport of substances across membranes, and the oxida­
tion and synthesis of vital tissue constituents. 

Oxygen toxicity is most likely associated with the oxidation of certain easily oxidizable 
chemical entities such as SH groups. Other processes may also be involved, particularly 
peroxidation of lipids. 

4. Oxygen toxicity is not a unique and esoteric phenomenon seen only when organisms are 
exposed to extreme conditions of high pressures of O2. It occurs in man in the form of inter­
ference with pulmonary function after hours of breathing pure O2. On exposure to a pressure of 
O2 above 1 atm, there undoubtedly occur a great number of cellular changes, most involving 
metabohc alterations, long before the overt signs of gross O2 poisoning appear. A study of such 
early changes is of the utmost importance for the eventual understanding of the mechanism of O2 
toxicity and of the way in which O2 tension can influence cell metabolism and function. 

5, Finally, the progress and severity of O2 poisoning can be influenced by a number of agents. 
This subject will be discussed later in this session. Let me just say here that many substances 
and conditions have been shown to influence O2 toxicity under different experimental condi­
tions: trace metals, chelating agents, SH compounds and disulfides, hormones, body tempera­
ture, and diet. It is very likely that studies of the influence of exogenously administered 
substances on O2 toxicity in animals will lead to the discovery of agents that will offer man 
significant protection against O2 toxicity when he is exposed to pressures of O2 greater than that 
found in air at sea level. 

It is clear to all who have become familiar with the subject that O2 toxicity is not an obscure 
area of physiology, but one of the most important and interesting problems in the whole 
field of biology. 
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OXYGEN TOXICITY IN NEURONAL ELEMENTS 

J. D. Wood 

It would be surprising if O2 seizures should prove to be caused solely by one chemical mech­
anism. Since numerous systems and compounds in the body tissues are sensitive to HPO, it 
seems more likely that O2 poisoning is due to a variety of factors—some related to one another, 
some unrelated, and some more important than others. Effects of O2 upon γ-aminobutyric 
acid metabolism is in the last category, and it is with this subject that this presentation will 
deal. 

7-Aminobutyric acid (GABA: NH2CH2CH2CH2COOH) is a simple short-chain acid con-

Acetyl CoA 

Succinic 
Succinate-* semialdehyde -

dehydrogenase G A B A - T 
a - O G 

FIG 1. Metabolic reactions involving G A B A and their relationship to the reactions of the T C A cycle. Only 
the cycle intermediates pertinent to the present discussion are shown. 

9 
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taining an amino group at one end and a carboxyl group at the other. It is found in vertebrates 
in significant amounts only in the CNS where it probably plays two roles—that of a modulator 
or inhibitor of nerve transmission (3), and that of an intermediate in oxidative metabolism (8) 
(Fig. 1). 

The pathway from a-oxoglutarate (a-OG) to succinate involving GABA is known as the 
GABA shunt, and radioisotope studies (7) indicate that about 17% of oxidative metabolism 
goes via the shunt in comparison with 83% that goes via the full metaboHc cycle. GABA may 
therefore be a vital link between nerve transmission and oxidative metabolism in the CNS. The 
effect of HPO on GABA metaboHsm has seemed worthy of investigation, and the results of 
such a study follow. 

Eflfect of HPO on GABA Metabolism 

As Fig. 2 illustrates, HPO was shown in an earlier investigation (13) to cause a significant 
decrease in brain GABA levels in rats. Of prime importance was the finding that decreased 
levels were also observed in those animals that had not convulsed. The decrease in GABA 
could not therefore be attributed to the seizures per se. The GABA levels were also determined 
1 hour after the end of the exposure. They had reverted to almost normal levels by that time, 
indicating that the changes were reversible. These findings are comparable to those of 

Unexposed 
A Β C D 

E x p o s e d 
A Β C D 

E x p o s e d and 
I hr recovery 

FIG. 2. Brain GABA levels in rats exposed to H P O . (A) 2-min compression to 75 psig O2 followed immedi­
ately by 5-min decompression to ambient pressure. (B, C, and D) 33-min exposure to 75 psig O2 with the 
occurrence, respectively, of no convulsions, mild convulsions, and severe convulsions (13). 
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TABLE I 

Concentration of Total a-Amino Acids in Brains of Rats 
Exposed to 75 psig O2 for 33 Min 

Total α-amino acids 
Convulsive state (/Limoles/gm brain) 

(Unexposed) 32.2 dz 0.5« 
Nonconvulsed 31.4 zb 0.5 
Mildly convulsed 31.7 ± 0.5 
Severely convulsed 32.9 ± 0.5 

° All values are the mean ± S.E. for five groups, each containing 
three brains (13). 

Lambertsen (5), who has described the reversible nature of O2 poisoning. Moreover, the effect 
of HPO was specific for GABA since no change in the concentration of total a-amino acids was 
observed (Table I). 

It has been recognized for many years that there is a considerable difference among animal 
species in susceptibihty to HPO convulsions (1), as illustrated in Fig. 3. In the present investi­
gation, the susceptibility to seizures was determined quantitatively by measuring the HPO 
exposure required to cause convulsions in 50% of the animals tested (expressed as convulsion 
threshold for 50% of the animals, CT50). This measurement was compared with the decrease 
in brain GABA for different species exposed to HPO. It is obvious from Fig. 4 that a correlation 
existed between the CT50 value and the decrease in GABA. 

The time to onset of HPO seizures can, of course, be altered by varying the pressure of the O2. 
Therefore, using pressure as the variable and mice as the experimental animals, the CTM 

9 0 Γ 

10 2 0 3 0 4 0 5 0 6 0 

E x p o s u r e to 7 5 psiq O2 ( m i n ) 

FIG. 3. Susceptibility of mammaUan species to O2 poisoning. The number of animals per group indicated 
in parentheses. From Wood et al. (17), by permission of the publishers. 
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CT50 { m i n ) 

FIG. 4. Decrease in brain GABA level relative to susceptibility to O2 poisoning. CTso indicates the 75 psig 
O2 exposure required to convulse 50% of the animals. Decrease in GABA was measured using a 25-min exposure 
to 75 psig O2. From Wood et al. (17), by permission of the publishers. 
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FIG. 5. Correlation between rate of decrease in brain GABA concentrations and susceptibility to HPO 
seizures in mice at different pressures. ΟΤδο indicates the exposure required to convulse 50% of the mice. 
Numbers in parentheses indicate psig O2 (18). 



O X Y G E N T O X I C I T Y I N N E U R O N A L E L E M E N T S 13 

0 . 8 1 ~ 
Ε 

Ε 

0.6 h 

E 

< 
ω 0.4 

Í3 0.2 

FIG. 6 . Rate of decrease in brain GABA concentration in mice as a function of O2 pressure. From Wood 

et al. ( 1 8 ) , by permission of the publishers. 

values were compared with the rate of decrease in GABA. Once again, the correlation was good 
(Fig. 5). When the rate of decrease in GABA was plotted against the O2 pressure, a most in­
teresting correlation emerged (Fig. 6). A linear relationship between these factors was observed, 
but, more importantly, the critical pressure causing brain GABA to decrease was 30 psig 
(3 atm abs). This is the same pressure that has previously been recognized as the one inducing 
HPO seizures in animals and in man (5,11). 

Another well-known factor influencing O2 toxicity is the amount of CO2 in the breathing 
mixture (1, 2, 12). As earher workers such as Marshall and Lambertsen (6) have observed, 
0.5% or 1.0% CO2 in the mixture hastens the onset of seizures in mice breathing O2 at 60 psig, 
whereas 5% CO2 prevents the seizures (Table II). Most interestingly, a 0.5% or 1.0% CO2 
level accelerated the rate of decrease in brain GABA caused by HPO, whereas a 5% CO2 level 
almost completely prevented any decrease in GABA. These results are therefore in keeping 
with the correlation previously observed between susceptibihty to HPO seizures and decrease 
in brain GABA concentrations. 

TABLE II 

Effect of CO2 on HPO-Induced Convulsions ( 6 0 psig O2 for 2 0 Min) and Changes 

in GABA Levels in Brains of Mice ( 1 8 ) 

CO2 in breathing Decrease in GABA CT50 

mixture (%) (/¿moles/gm/20 min) (min) 

_ 0 . 5 1 2 1 . 3 

0 . 5 0 . 7 4 1 4 . 0 

1 . 0 0 . 9 1 5 . 7 

5 . 0 0 . 0 4 — 
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TABLE III 

Protective Action of Different Dosages of GABA against Oxygen Poisoning 
(45-Min Exposure at 75 psig) in Rats (15) 

GABA injected intraperitoneally 
15 min prior to exposure 
(20 animals each group) 
(mmoles/kg body wt) 

Rats with generalized 
seizures (%) Deaths (%) 

None 70 45 
5 35 35 

10 35 20 
20 20 10 
30 15 15 

The correlation between CT50 values and decrease in GABA under all the conditions de­
scribed above is illustrated in Fig. 7, in which all points lie on or close to the curve of best fit. 

If a deranged GABA metabolism is involved in the etiology of HPO-induced seizures, then 
the administration of GABA prior to exposure to HPO might prevent or delay convulsions. 
That this protection does indeed exist is demonstrated in the results shown in Table III. 
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FIG. 7. Correlation between susceptibility to HPO seizures and decrease in brain GABA, CTBO same as 
Fig. 5. (O) Various species, 75 psig O2; ( · ) mice, various pressures; ( X ) mice, 60 psig O2 + CO2. From 
Wood et al. (18), by permission of the publishers. 
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The evidence we have gathered concerning the involvement of GABA metabolism in the 
production of HPO seizures may be thus summarized: 

1. HPO causes a decrease in GABA levels. 
2. The GABA decrease occurs prior to convulsions. 
3. The GABA decrease is reversible. 
If, The decrease is specific for GABA among the amino acids. 
5. Susceptibility to seizures correlates with the rate of decrease in GABA levels for (a) 

different animal species, (6) different pressures, and (c) different CO2 concentrations. 
6. The same O2 pressure that induces convulsions also brings about decreases in GABA 

levels. 
7. GABA administered intraperitoneally protects an animal against HPO seizures. 

Causes and Effects of Decreased GABA Levels 

The possible causes and effects of low GABA levels are shown in the schematic diagram of a 
nerve synapse in Fig. 8. The GABA-forming enzyme, glutamic acid decarboxylase (GAD), is 
found primarily in the nerve endings (9) and is probably associated with the synaptic vesicles 
(4, 9). In contrast, the GABA-degrading enzyme system, GABA-a-oxoglutarate transaminase 
(GABA-T), is found only in the mitochondria (9). Roberts and Eidelberg (8) found that brain 
GABA levels are normally determined by the GAD activity rather than by the GABA-T 
activity, despite the much greater potential activity of the latter enzyme (17). 

This finding suggests that a large portion of GABA in the brain tissues does not have ready 
access to the catabolizing enzyme. In other words, membrane permeability probably plays a 
major role in the control of GABA levels. Salganicoff and DeRobertis (9) suggest that GABA 
formed in nerve endings is released into the synaptic cleft either directly or via the release of 
synaptic vesicles into the cleft. In either event, it appears that this extracellular GABA is the 
one involved in the inhibition or modulation of nerve transmission (3). 

C l e f t 

( G A B A - T ) 

\ 

P o s t s y n a p t i c 
m e m b r a n e 

Exogenous G A B A 

FIG. 8. Structural and biochemical organization of a synaptic complex. Mit = mitochondria; Ves = synaptic 
vesicles. 
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There is good evidence from both in vitro and in vivo studies that GAD is inhibited by HPO 
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THE INTRACELLULAR OXIDATION-REDUCTION STATE 
AT HIGH AND LOW OXYGEN CONCENTRATIONS 

Britton Chance 

The necessity of O2 for intracellular bioenergetic reactions, on the one hand, and the damage 
to sensitive enzymes by higher pressures of O2, on the other, suggest the need to elaborate in 
some detail the quantitative nature of dangerously low and dangerously high O2 tensions. 
The cells of mammalian organs—Uver, kidney, heart, and brain—afford experimental data 
that are relevant to human responses to HPO. Our attention will be focused mainly upon 
primary rather than secondary responses, i.e., those occurring in the first few minutes of anoxia 
or hyperbaric conditions. Convulsions are the first external sign of hyperbaric toxicity in 
small animals and man; the primary consequences occurring at the cellular level in the same 
time range of a few minutes are the topic of this paper. The more involved effects which occur 
in a quarter of an hour or several hours will not be discussed here, nor will the somewhat 
different responses of the organs of amphibia, for example, the toad bladder (J. Allen and 
H. Rasmussen, communication at this symposium). 

In Fig. 1 I have attempted to present in a single diagram the range of O2 concentrations 
approaching tissue anoxia at the left-hand end of the scale, and tissue damage at the right-hand 
end, for the different cellular oxidase systems (4,5). The abscissa represents the logarithm of the 
O2 concentration in micromolar units, which are approximately equal to P02 in mmHg at these 
levels. The biochemical responses at the two ends of the scale are evaluated by direct recording 
of the fluorescence of intracellular reduced pyridine nucleotide (PN). At the left, this com­
ponent is too far reduced for appropriate energy metabolism, while on the right it has become 
too highly oxidized as a consequence of primary events in hyperbaric toxicity affecting mito­
chondrial reactions. 

The various cellular oxidase systems which must be considered in the total picture of O2 
metabolism show different affinities for O2 (6). Thus, the ordinates of Fig. 1 differ for the various 
curves. The curve labeled * ̂ mitochondria'^ illustrates the increasing activity of the mitochon­
drial respiratory chain as the P02 increases from left to right, and its effectiveness in causing 
increasing oxidation of reduced PN in the mitochondria. Intracellular O2 concentrations of as 
little as 0.1 μΜ satisfy the needs of the mitochondrial system, and provide satisfactory 
oxidation of the pool of reduced PN and activation of the energy resources of the mitochondria, 
Tissue gradients may cause the capillary O2 tension to be somewhat higher than 0.1 μΜ; our 
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FIG. 1. Schematic diagram of O2 affinity of respiratory systems. 

experiments suggest that small mammals breathing 4 to 5% O2 have reached the critical 
intracellular P02 as indicated by direct measurement of tissue fluorescence (5). On the other 
hand, when the O2 pressure reaches approximately 5 atm, as shown at the right-hand side of the 
diagram, the PN oxidation proceeds to a much higher level and the toxic effects of HPO 
become evident. 

The microsomal system which is responsible for the detoxification reactions and steroid 
metabolism of the liver, and the peroxisomal system which may operate in the pathway of 
glyoxylate metabolism in certain tissues, have considerably higher O2 requirements than do the 
mitochondria (R. W. Estabrook, C. De Duve, personal communication). It is probable that 
temporary anoxias which inactivate these systems by reducing the intracellular O2 tension 
to 0.1 μΜ do not have any immediate biochemical or physiological repercussions, because this 
O2 tension is not low enough to impair the operation of the cytochrome system of the mito­
chondria. 

Since the mitochondrial response to hyperbaric O2 represents one of its most rapid and 
sensitively locahzed biochemical effects, it seems essential to emphasize some of its aspects 
in detail. The methodology by which the fluorescence of reduced PN may be used to indicate 
the intracellular oxidation-reduction state in mitochondria (1) and in intact tissues of 
anesthetized animals (2), and its apphcation to hyperbaric conditions (3-5) have been described 
elsewhere. 

Two effects were predominant in our studies: first, an increased oxidation of intracellular 
PN, and second, an increase of the ATP/ADP ratio (4). Both these responses are of con­
siderable interest, since they are found in liver, kidney, and brain cortex and are thus not 
organ-specific. In general, an increased ATP/ADP ratio would be considered to be beneficial 
for cell metabolism, since the metabohc transition is in the direction of increased phosphate 
potential. However, the observation that these increases in the ATP /ADP ratio were accom­
panied by increases in the oxidation state of PN well beyond the level which is characteristic 
of optimal metabolism led us to suspect that the phenomenon was a consequence of an in­
terruption of a pathway of ATP utihzation rather than of an increased biosynthesis of ATP (4). 

Since the r^itochondria are the principal site of the cellular systems which synthesize ATP, 
results obtained from intact tissues could be compared with studies on the isolated organelles. 
Mitochondria obtained from the same animals as were exposed to HPO were evaluated for 
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their response to hyperbaric O2. These studies demonstrated a convincing correlation of the 
pressure and time profiles for the oxidation of PN in the isolated mitochondria and in the parent 
tissue, suggesting that the mitochondrial redox state is a primary target of HPO. Although, 
indeed, there may be other targets as well, this has proved to be the most readily verified in an 
isolated cell fraction and is of such a nature as to be consistent with the increase in the ATP / 
ADP ratio. 

Our explanation ran along the following lines: NADH is maintained reduced in mitochon­
dria in vivo not only by the NAD-Unked dehydrogenases of the citric acid cycle but also by a 
pathway of electron transport which leads from high potential substrates such as succinate, 
a-glycerol phosphate, and, more recently, palmitoyl-L-carnitine, through the energy-coupling 
site I, to the NAD dehydrogenase of the respiratory chain. Energy conserved in the entire 
respiratory chain can be focused upon sité I to cause electrons to flow against the normal 
thermodynamic gradient between the succinate /fumarate couple at approximately 0 mV to 
the NAD /NADH couple at —320 mV. Essentially, the mechanism requires that the oxidation-
reduction state of a low-potential component at —320 mV be raised to a potential of approxi­
mately 0 mV, or vice versa. The pathway of electron flow and the pathway of energy coupling 
involve mersalyl-sensitive components with reactive -SH groups, which recent work (7) has 
identified more precisely with the rotenone-sensitive site and possibly with energy coupHng at 
site I as well. Hyperbaric O2 appears to inhibit the flow of electrons against a thermodynamic 
gradient, possibly at the mersalyl-sensitive site, thus decreasing the energy utiHzation in the 
pathway of reversed electron transfer and consequently increasing the ATP/ADP ratio. This 
also decreases the level of reduction of mitochondrial NADH, and it may well be that many 
reactions which depend upon a highly reduced state of NADH in the mitochondrial space are 
inhibited as this component becomes more oxidized. Therefore the decreased utiHzation of ATP 
has a multiplicity of causes rather than a single cause. 

High Pressure Oxygen as a Tool in the Study of Metabolic Control Phenomena 

Of the many rapid perturbations that can be imposed upon metaboHzing tissues, one of the 
most rapid and effectively reversible is that provided by HPO. In order to identify the sites of 
decreased ATP utilization—the main manifestation of hyperbaric O2 toxicity at the cellular 
level—a detailed analysis of profiles of metabolite intermediates is desirable. Although the 
cortex of the brain, the organ most sensitive to variations in O2 tension, might seem to be the 
most appropriate material for such studies, the many pathways of metabolism in the brain, 
together with the heterogeneity of cell types, make this a diflScult subject for incisive studies 
of metabolic control. Studies of other mammalian tissues such as kidney or liver, and of am­
phibian tissue (J. Allen and H. Rasmussen, presented at this symposium) as well, may also 
shed light on the detailed mechanism of metabolic control phenomena under conditions of 
hyperbaric O2. 

The increased oxidation level of intracellular pyridine nucleotide and the increased A T P / 
ADP ratio discussed here are by no means the only effects of hyperbaric toxicity; as emphasized 
above, there are a variety of consequences which follow at different times and in different 
organs. While the response of mitochondrial PN can be complete in 5 min, 50 min are required 
to inhibit a-ketoglutarate oxidation. Similar differences of response time can be observed for 
hyberbaric toxicity of the lungs as compared with other tissues. Thus, in order to achieve a 
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generalized and effective correlation of the available experimental results, attempts should be 
made to establish a common time and pressure scale for all those working in this area. 

The appUcation of in vivo readout of metaboHc states from the cortex of anesthetized 
animals is well in hand. It is now possible that suitable Hght pipes and implanted cannulae 
may permit a continuous monitoring of the brain cortex of the conscious animal under normoxic 
and hyperbaric conditions, an approach which would be of advantage in correlating the 
threshold for convulsive responses of the conscious animal with biochemical readout of oxida­
tion-reduction states in the brain cortex. As further technological advances are made, other 
incisive comparisons of the intracellular redox state with gross physiological manifestations of 
hyperbaric toxicity may become possible as weU. 
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NATURAL RESISTANCE TO OXYGEN POISONING 

Brian G. D'Aoust 

The varied and sometimes contradictory results of research on O2 poisoning (3, 8) suggest 
that, despite our recognizing the importance of a general inhibition of energy metabolism 
(9, 14, 15, 24, 34, 45, 49, 50) and membrane lipid peroxidation (51) (and the latter's probable 
significance in mitochondrial (28) and nerve synaptic function (51)), we are considerably 
further from a general understanding of the phenomenon than we would wish—perhaps as far 
as a cell homogenate is from an intact cell. The uncertainties in relating in vitro results to the 
whole animal are balanced by the limited chemical information that experiments on the intact 
animal have provided—although such experimentation does reveal the actual time course of 
02-induced convulsions. The in vitro and in vivo approaches, which are clearly complementary, 
begin at two quite different investigative points and are moving toward one another. 

By analogy, it is important to distinguish between two quite different questions regarding the 
response of organisms to O2: what makes them 02-sensitive, and what renders them 02-re-
sistant? The reason for thus separating the two sides of the same coin lies in the somewhat 
different assumptions imphed in each question; any hypothesis that can explain the mechanism 
of O2 poisoning in a particular system must also be consistent with the mechanism of O2 
resistance in the same system. The purpose of this presentation is to emphasize the importance 
of a comparative approach to the problem of O2 poisoning. 

Oxygen-Resistant Systems 

The widespread destructive effects of O2 in many organisms (4, 22) have made it important 
to identify any natural means by which an organism can protect itself. The most direct ap­
proach, then, is to look for organisms that are intrinsically insensitive to elevated (>0.21 atm 
abs) O2 pressures. Research on such organisms should reveal the essential characteristics of 
02-resistant cells, and should, furthermore [as Haugaard (24) has suggested], become a useful 
tool in investigations into fundamental cellular properties. 

Two examples of intrinsically 02-resistant systems will be discussed. One is the gas-con­
centrating mechanism in the swimbladder of fish, which functions under HPO (5); the other is 
that part of the photosynthetic apparatus of plants which produces O2 photochemically. 
Other examples are organisms living in shallow estuaries, lakes, and ponds in which the dis-
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solved O2 may approach 0.6 atm abs during certain periods. Though certainly of interest, 
these organisms will not be considered here. 

G A S T R A N S P O R T I N T H E S W I M B L A D D E R 

Interest in the physiology of the swimbladder has been prompted chiefly by the question 
of gas transport into the swimbladder against an O2 pressure gradient that in deep-sea fish is 
extremely steep (38, 39). Below a depth of approximately 100 m, O2 comprises 85-95% of 
the gas in the swimbladder, and this percentage is apparently maintained in species living 
at great depths (17). Thus the P02 in the swimbladder of marine fish, is approximately equal to 
0.09 times the depth of water in meters. Pressures of 100 or 200 atm are common to a number 
of species, and recently a specimen with a functional swimbladder, BassogigaSj was taken at 
7160 m (35). At such a depth this fish would contain a P02 of approximately 640 atm in its 
swimbladder. 

Unfortunately, the availability of such specimens is an inverse function of its physiological 
interest; investigators have therefore had to be content with less spectacular species. However, 
there now exists a satisfactory theory concerning the mechanism of gas secretion in the 
swimbladder that is farly well supported experimentally (18, 30, 38, 39, 42-44), and two recent 
reviews of it are available (1, 21). 

FIG. 1. Pressure chamber used for studies of metaboHsm in the gas gland. C, Chamber; cb, chamber body; 
ct, chamber top; cn, connector; ci, chamber insert (bottom); c, cap; cw, center well of glass tissue vessel; es, 
electrode seals; fp, filter paper seal of solenoid-operated pipette; ge, gas exhaust; m, magnetic core of solenoid; 
or, 0-ring seal; p, pipette; rw, ring well; sa, solenoid assembly; st, sample tubes; sv, sample valves; t, tissue; 
ts, Teflon screen; wj, water jacket. From D'Aoust (11), by permission of the publishers. 
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FIG. 2. Dissected swimbladder of S. miniatus opened dorsally showing (right) gas gland consisting of rete 
mirabile and epithelial tissue on ventral wall; and (left) gas gland after separation from swimbladder wail, as 
used in hyperbaric experiments. From D'Aoust (13), by permission of the publishers. 

Of interest here is the fact that the gas gland tissue is located inside the swimbladder and 
must be assumed to be equihbrated with the O2 tensions therein. Moreover, this tissue appar­
ently functions glycolytically to produce sufficient lactic acid (2, 13) for the process of gas 
secretion (18, 30, 38, 43). Much of the work reported here was directed toward answering the 
question: Does the gas gland tissue produce lactic acid under HPO? If this is so, it would 
seem that the 'Tasteur effect̂ ^ is not operative in this tissue, which in turn suggests that 
aerobic energy metabolism is a minor catabolic pathway, or is under some form of constant 
repression. 

As indicated earlier, compromises were inevitable in choosing a fish that lives at a sufficient 
depth to be interesting but that also is in relatively abundant supply. The species used was the 
Vermillion rockfish, Sebastodes miniatus—a common spectator around SeaLab II—which has 
been caught commercially at a depth of 200 m. Most specimens used in this investigation were 
taken at depths of 30-60 m, the bladder containing 80-95% O2 (as measured with the Scho-
lander J^-ml analyzer) (37). 

The methods used have been described in greater detail elsewhere (11, 13). Figure 1 shows 
the pressure chamber and related apparatus as they were used in studies of glycolysis in N2 
and O2 atmospheres. The gas gland tissue shown in Fig. 2 was dissected virtually intact with 
very little damage. It was washed in buffered saline, which simulated the blood with respect 
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Pressure (atm abs) O2 N2 

6 0.02-0.19 0.03-0.28 
10 0.13-0.30 0.16-0.62 
30 0.05-0.13 — 

to pH (Pco2 = 0.01 atm), osmolarity, and the major ions present. It was then transferred to 
5 ml of the same buffered medium in a glass vessel specially designed to fit the chamber (Fig. 
1). The pH level of the medium was maintained constant by means of an external CO2 buffer 
adjusted so that it was in equilibrium with 0.01 atm of CO2 at 15°C. After pressurization 
samples were taken at 10- to 30-min intervals and were analyzed for total lactate, glucose, 
and /or radioactivity if labeled substrates were used. Production of ^^C02 was monitored by 
saniphng the CO2 buffer (which contained 98% of the CO2 in the system) and counting in a 
1-L ion chamber in air at atmospheric pressure. It was hoped in this way to monitor indirectly 
the extent of O2 consumption. 

The results of experiments on intact fresh gas gland tissue have been previously reported 
(13), but are reviewed here since they are of interest in the problem of O2 toxicity. Considerable 
variation in glycolytic rate occurred under all conditions. The variability was probably the 
result of using an intact organ, which no doubt reflected different metabohc states of the gland 
prior to dissection. 

Table I shows glycolytic rates produced by a range of O2 and N2 pressures. These are rather 
low rates of lactic acid production. The glycolysis observed could be inhibited by both fluoride 
and oxamic acid. Under the experimental conditions, a comparison of O2 and N2 at different 
pressures revealed no significant difference in glycolytic rate. It must be emphasized, however, 
that probably only a resting metabolism was observed, and subtle differences would therefore 
not be detected at these rates. A calculation of the lactate production rates necessary to sup­
port gas secretion, based on the countercurrent multipher theory (18, 30), suggests that a 
greatly accelerated rate of glycolysis must occur during gas secretion. Under the conditions of 
these experiments, of course, the tissue is not perfused and glucose and lactate exchange must 
therefore take an abnormal route. 

Although it is unlikely that these results indicate the normal glycolytic activity of the tissue 
during gas secretion, they do indicate the capacity of the tissue to produce lactic acid under 
O2 pressures known to be toxic to the intact fish (12, 29, 36). These results further indicate that 
the glycolytic pathway need not be considered inherently 02-sensitive (45). It is quite hkely, 
however, that when glyceraldehyde-3-phosphate dehydrogenase activity is assayed in this 
tissue, it will prove to be 02-sensitive—as was shown by Horn and Haugaard (26) in the 
enzyme of rat heart homogenates under considerably lower pressures than were used here. 

The possibility that oxidation of pyruvate to CO2 and water was occurring at the same time 
as the production of lactate is unhkely because of the similar rates of lactate production under 
both N2 and O2 pressure, as shown in Table I. This was further checked by use of uniformly 

T A B L E I 

GLYCOLYTIC RATES (μΜ LACTATE/MG DRY WT/HR) UNDER O2 AND N2 
BY GAS GLAND TISSUE OF Sehastodes miniattis 
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Lactate CO2 

X S X S 

02: 6-30 atm abs 7.4 5.2 0.066 0.022 
N2: ; 6-10 atm abs 11.5 6.7 0.15 0.14 

labeled glucose as a substrate. Table II indicates the percentage conversion of glucose-^^C 
both to ^^C02 and ^^C-lactate. Again, there was considerable variabihty, but it is clear that 
^^C02 was produced at about 100th the rate of lactate under N2 and O2 pressure. Other ex­
periments (23), in which 3-4-labeled glucose was used as a substrate and in which LDH was 
inhibited with 0.01 Μ oxamic acid, failed to increase the amount of ^^^002 produced, thus 
supporting the conclusion that most of the CO2 originated through the pentose-phosphate 
pathway under both O2 and N2 (13). 

These last results support Fänge's suggestion (21) that systems for converting pyruvate to 
CO2 are weakly represented in the gas gland tissue, which is consistent with the known sensi­
tivity of aerobic glucose catabolism to O2 (15, 24, 45). Nevertheless, an appreciable uptake of 
O2 has been demonstrated in the gas gland tissue of the scup, Stenotomus (2). Fänge (20) 
himself, furthermore, demonstrated succinic dehydrogenase activity, by the Thunberg pro­
cedure, in the gas gland tissue of the cod, Gadus, which lives in approximately the same depth 
range that the rockfish does. Dorn (16) has extensively studied this same tissue in the eel with 
an electron microscope, and although the mitochondria of the gas gland are small, they are 
fairly numerous. There does not as yet appear to be sufficient evidence to rule out the citric 
acid cycle in this tissue. 

It is, however, of interest that homogenates of freeze-dried gas gland tissue of S. miniatus 
(in which glycolytic activity was preserved) produced a cytochrome spectrum that was ap­
parently devoid of cytochrome A. A similar check on freeze-dried tissue from a species living at 
1000 m (O2 at 100 atm), Coryphenoides acrolepsis, showed only a small 7 peak and no a absorp­
tion at four times the concentrations of a homogenate of S. miniatus. Absence of cytochrome 
A would seem to be the logical inference for a tissue that cannot absorb O2. It is tempting to 
speculate that this lack may be an adaptive characteristic of the gas gland tissue in deep-sea 
fish. 

Although such speculation awaits experimental support, it seems reasonable that the 
metaboHc machinery most sensitive to O2 poisoning—namely that associated with O2 con­
sumption and aerobic production of ATP—is apparently weak in the gas gland tissue. On the 
other hand, the very great extremes of O2 pressure to which this tissue is exposed at least 
suggest that active protective mechanisms against O2 toxicity (22, 33, 51) can be ruled out. 
What, therefore, we might term ''passive" adaptations relative to the structure and conforma­
tion of subcellular systems probably account for most instances of O2 resistance. This view is 
consistent with the other example of O2 resistance to be discussed here—namely, the photo­
chemical production of O2. 

T A B L E I I 

PERCENTAGE CONVERSION OF GLUCOSE ΤΟ LACTATE AND CO2 UNDER O2 AND N2 
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P H O T O C H E M I C A L P R O D U C T I O N O F O X Y G E N 

A P02 of 1 atm abs has long been known to inhibit photosynthesis in Chlorella (10, 47), and 
even the atmospheric P02 (0.21 atm abs) has recently been shown (6) to be inhibitory to CO2 
fixation in higher plants (Pco2 = 0.0003 atm abs). Thus one might question whether there can 
be any plant system associated with photosynthesis that is intrinsically 02-insensitive. It is 
clear, however, that if a plant cell is equihbrated with O2 at 0.21 atm abs (as it must be at the 
compensation point of photosynthesis), any O2 production will raise the intracellular Ρ02· 
One might calculate, by extrapolating on a steady-state gradient, just what the intracellular 
or intragranal P02 must be to support an observed rate of O2 evolution. 

Such calculations are rather complex, however, depending as they obviously do upon both 
diffusion and convection inside and outside the cells. Moreover, it is difficult to picture the 
shape of the O2 gradient, since chloroplasts are distributed throughout the cell and are in 
various degrees of motion at all times. It nevertheless seems reasonable, in view of inhibitory 
effects of O2 on photosynthesis, that this gradient must be extremely steep in the vicinity of the 
photosynthetic unit. This gradient is hypothesized in Fig. 3, and is shown to be essentially 90% 
complete within a distance of 500 Ä. Any greater distance would presumably result in photo­
synthetic inhibition. The diagram is not meant to be complete with respect to current concepts 
regarding chemical and physical mechanisms in photosynthesis; it is meant only to indicate 
the probable limits over which an 02-tension gradient must occur. 

In short, one need only assume that the primary photochemical conversion of water to O2 
is the reaction least sensitive to elevated O2 pressure. It is known that photosynthetic O2 
production is not inhibited by hydrostatic pressures up to 1000 atm (46). Water pre-equili-

0.21 A t m a b s -
5 0 0 5 0 0 

FIG. 3. Hypothetical P02 gradient in the vicinity of the photochemical apparatus. Pictured is a segment of a 
granal partition (48), of which the photoact is considered a subunit, with the relative P02 above 0.21 atm abs 
plotted against approximate distance in angstroms from the 02-producing center. 
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brated with air at these pressures will have a P02 of 0.8 atm (19), so that this pressure of O2 
can be assumed to have no effect on the Hill reaction. 

Recently, it has been shown that light induces a transport of hydrogen ions [H+] into 
chloroplasts or particulate thylakoid preparations thereof (27). This system is presently being 
extensively studied not only by those interested in photosynthesis, but also by investigators of 
transport processes in general, and of membrane structure and function in particular (25, 27, 
31, 32, 40, 41). To follow light-induced '^proton pumping," all that is necessary is to use a 
pH electrode immersed in an unbuffered or weakly buffered suspension of ruptured chloro­
plasts, supplemented with suitable electron carriers (27). 

Because of our complementary interests in photosynthesis and pH measurement under 
hyperbaric conditions. Dr. Robert Williams of the American National Red Cross Laboratory 
and I collaborated in a study of this system. Measurements of pH were made with a Corning 
combination electrode, the center (pH) chamber of which had been vented and cannulated 
to eliminate pressure gradients and to allow replacement of internal solutions (see Fig. 4). The 
top insert fits in the chamber shown in Fig. 1. Internal solutions were replaced following each 

Coax ia l l ead 

F i l l i ng tube 

Top inser t 

L u c i t e c h a m b e r 

pH e lec t rode 

L i g h t p ipe 

FIG. 4 . Adaptation of pH electrode for use in pressure chamber shown in Fig. 1. Pressure sealing was 
accomplished by the packing nut at the chamber's top, which squeezes a siUcone rubber washer around the 
coaxial lead. Light was provided by a Nicholas illuminator with a 23-W bulb. The Lucite light pipe was 
cemented to the Lucite cell in which the light-induced pH change was monitored. The light pipe was partially 
immersed in water in the chamber to facilitate temperature equilibration. It was held to the Lucite plug in the 
top insert by means of a Tygon sleeve. 



30 B R I A N G. D ' A O U S T 

I 
1 A t m a b s air 

Ü 

PH 

X i 
τ ' 

FIG. 5. Recording of light-induced pH increase taken in the chamber shown in Fig. 4 at 1 atm abs of air. In 
this and in Figs. 6 and 7, arrows pointing downward indicate light on; pointing upward, light off. Illumination 
was the same in all recordings; heavy vertical lines represent 1 min. 

decompression. Checks on the effect of pressure on the reading of a standard buffer (pH 7.00) 
revealed a maximum change of 0.05 units in apparent pH upon pressurization to 100 atm abs. 

Spinach leaves were homogenized in a blender in 0.5 osmolar NaCl (containing Tris, 50mAf; 
ascorbate, 10 mikf; cysteine, 3.5 mM; MgCl2, 0.5 mM). The homogenate was filtered, centri-
fuged at 5900 g for 10 min, resuspended in the NaCl solution diluted with 0.5 mM MgCl2 
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FIG. 6. Light-induced pH increase under a calculated P02 of 1 - 2 atm abs. 
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FIG. 7 . Light-induced pH increase under 5 0 atm abs of N2, changing to 7 5 atm abs of N2, showing no 
detectable pH change associated with the pressure change during 1 5 sec. 

(osmotic potential, 42 mOsmoles) and drawn several times rapidly through a hypodermic 
syringe, rupturing the chloroplasts. The grana were then centrifuged at 48000öf and the pellet 
resuspended in the same solution. The solution was mixed 1:1 with a solution of 20 mM NaCl, 
0.5 mM MgCl2, and 0.08 mM phenazine methosulfonate (PMS), and then transferred to the 
Lucite cell. 

A typical light-induced series of reversible pH changes occurring at 3°C is shown in Figs. 
5, 6, and 7. The recording shown in Fig. 5 was obtained while the chloroplast solution was in 
the chamber in air at 1 atm abs. Figure 6 shows a similar recording obtained from the solution 
when it was pressurized in the chamber at 50 atm abs in 100% O2. Oxygen equilibration de­
pended chiefly on diffusion, and it was calculated that at this pressure equilibration to between 
1 and 2 atm abs would have occurred within the span of the 90-min experiment. It therefore 
appears that O2 at 1-2 atm abs is not inhibitory to this system. No drift whatsoever in the 
recording occurred over the last 30 min of the O2 exposure. If O2 has an effect on this system 
at this pressure, one might have expected the record to vary with the changing Ρ02· Essentially 
the same response (with the same preparation) was observed at 50, 75, and 100 atm abs of N2 
and persisted following slow decompression at the end of the experiment (Fig. 7). A slow 
change in pressure had no obvious effect on the pH increase. 

The precise importance of these results relative to current concepts of photosynthesis 
(27, 40, 48) need not concern us here; in any event, further experimentation is needed. What is 
concluded is that the hght-induced proton pump of grana is apparently insensitive to at least 
1 atm of O2, a result to be expected of the cellular system responsible for O2 production. It is 
hoped that future experiments will determine the P02 that is limiting to this process. It seems 
reasonable to assume at present that the inhibitory action of O2 on photosynthesis (6) is due to 
its effect on the so-called dark reactions of photosynthesis and not to inhibition of the photo 
chemical apparatus per se (10). 
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Conclusions 

The examples of O2 resistance cited here represent a somewhat complementary pair of 
systems for the study of O2 toxicity. The tissue of the swimbladder, for example—which must 
carry out all the normal cellular functions of replication and protein and lipid synthesis by using 
energy derived from potentially 02-sensitive catabolic processes—is excellent for use in the 
study of many cellular aspects of high O2 pressure. The light-induced proton pump, on the 
other hand, constitutes a subcellular membrane system that necessarily can operate under 
hyperoxic conditions and that, in certain ways, resembles the mitochondrial systems, especially 
with respect to the energy levels between which they operate—that is, the H2O-O2 electrode 
(31). The dark synthetic reactions of photosynthesis, which are probably not intimately 
associated with the granal partitions, are apparently 02-sensitive. Likewise, a number of 
citric acid cycle enzymes, which are assumed to be located intracristally, are also apparently 
02-sensitive. Redox reactions involving electron transport by components intimately asso­
ciated with, or part of, the mitochondrial or granal membranes are perhaps inherently less 0 2 -
sensitive than are those involving components less intimately associated with the functional 
membrane units. The light-induced proton pump is apparently insensitive to 1 atm abs of O2, 
and is an integral part of the photoact itself. The studies of Chance (8, 9) have similarly shown 
that the cytochrome chain remains reduced during hyperbaric oxygenation, whereas reduced 
pyridine nucleotides or flavoproteins become oxidized. The fate of such cofactors in the gas 
gland tissue remains open to question. 

It seems reasonable to assume that adaptive characteristics do exist in the gas gland tissue. 
These might involve: absence of the terminal cytochrome oxidase; a low capacity for oxidative 
phosphorylation; a lower steady-state ratio of reduced to oxidized pyridine and flavin nucleo­
tides; a higher proportion of enzyme-bound cofactors, which might protect the latter against 
oxidation; and perhaps a higher proportion of saturated fatty acids in all parts of the tissue, 
especially the membranes and its subunits. Although the functional significance of the high fat 
content of the swimbladder of deep-sea fish (7) is not yet clear, mono- and diunsaturated 
fatty acids are nonetheless found in this tissue (R. Phleger, personal communication). 

The low temperature (<5°C) at which deep-sea fish exist undoubtedly protects the swim­
bladder tissue somewhat against the toxic effects of O2. Moreover, although the synergistic 
effects of hydrostatic pressure (52) must be considered, it is possible that pressure itself could 
protect against any oxidations in which water is an end product, if only by virtue of the con­
siderably higher water activity at such depths. Such a mass action mechanism possibly reduces 
the secondary formation of free radicals and hpid peroxides that may be a link in the chain of 
events leading to O2 poisoning (51). 

These points will be investigated in future work, which will extend the above experiments 
as more deep-sea material becomes available. In any case it is clear that a comparative study of 
02-resistant tissues can contribute significantly to an understanding of the pathology of O2 
poisoning. 
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CHEMICAL PROTECTION AGAINST OXYGEN TOXICITY 

Aaron P. Sanders and William D. Currie 

The use of chemical agents to protect against O2 toxicity has, in general, been based upon 
three premises: (1) SH compounds provide (as they do in radiation protection) a reducing 
environment that lowers the effect of high O2 tensions; (2) acid-base buffers balance possible 
pH changes resulting from elevated CO2 concentrations; and (3) metabolic agents stimulate 
ATP production to fulfill the energy requirements of body tissues. Various investigators have 
reported the use of SH compounds (3, 10), acid-base buffers (1, 4, 5), and metabohc agents 
(6-9,12,13) in O2 toxicity studies. 

A measure of protection against O2 toxicity has been achieved with this variety of agents at 
pressures that are usually below 6.0 atm abs of O2. As is typical in research, investigators used 
different species of animals, different O2 pressures, and various chemical compounds in widely 
differing dosages. Thus it has not been possible to make direct comparison of the effectiveness 
of the various chemical agents studied. 

The work reported in this paper is the result of our efforts to compare the efficacy of several 
chemical compounds in counteracting O2 toxicity, and to determine the O2 pressure above 
which no protection is afforded by a specific chemical agent. 

Methods 

Male Sprague-Dawley rats, weighing between 150 and 200 gm, were fasted from 16 to 18 hr 
and were given intraperitoneal injections of a selected compound (or compounds) 50 min prior 
to being exposed to HPO. The compounds listed in the following tabulation were used: 

Compounds (0.4 M, pH 6.4) Dosage (mmoles/kg) 

Glucose 10 
Malate 10 
Succinate 10 or 12 
GABA 10 or 12 
Glutamate 10 or 12 
GSH 4, 10, or 12 
a-GP 12 
Cysteine 4 
Cysteine + succinate 4 -f 10, or 4 + 12 
Tris 10 or 12 

35 
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FIG. 1. Time to convulsions in control rats and in those injected with different compounds prior to exposure 
to 100% O2 at 5 atm abs. (Compounds, and number of animals injected with each, indicated on vertical bars.) 

FIG. 2. Time to convulsions in control rats (—) and in those injected with 10 mmoles/kg glutamate ( — ) , 
Tris ( . . . ) , and succinate ( ) prior to exposure to 100% O2 at 5 , 7, 9, and 11 atm abs. 
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After the 50-min incubation period, the animals were placed in an HPO chamber and 
exposed to 100% O2 at 5, 7, 9, or 11 atm abs. The bottom of the chamber contained soda hme 
for absorbing CO2. After the animals were placed in the chamber, it was flushed with O2 to 
eliminate the N2. The chamber was then closed, and pressure was increased at a rate of 1 
atm abs/min until the desired pressure was obtained. Temperature in the chamber was 
maintained at 21° db 0.5°C, and O2 flow at 1 L/min per rat. Twelve rats, individually caged, 
were exposed during each experiment and were viewed continuously during the HPO exposure. 
Time zero was recorded when the desired chamber pressure was reached, and the interval prior 
to the onset of grand mal seizures was recorded for each animal. 

Results 

The results of the exposures to O2 at 5 atm abs are shown in Fig. 1. The dosage of all com­
pounds except cysteine, glucose, and malate was 12 mmoles/kg. Studies on the effects of glucose 
and malate were made at a dosage of 10 mmoles/kg and not extended to 12 mmoles/kg due to 
their ineffectiveness. Cysteine was administered at 4 mmoles/kg, since a 10- or 12-mmoles/kg 
dose would have been lethal. The list of compounds in the decreasing order of their effectiveness 
in delaying the onset of convulsions is this: GSH, cysteine + succinate, α-glycerophosphate 
(a-GP), succinate, GABA, glutamate, Tris, and cysteine. Glucose and malate offered no 
protection whatever against O2 toxicity. 

5 7 9 I I 

O2 p r e s s u r e ( a t m a b s ) 

FIG. 3. Time to convulsions in control rats (—) and in those injected with 1 0 mmoles/kg G S H ( · · · ) , succinate 
( ), and G A B A ( ) prior to exposure to 1 0 0 % O2 at 5, 7, 9, and 1 1 atm abs. 
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T A B L E I 

PROTECTION PROVIDED BY 4 MMOLES/KG DOSES OF G S H AND CYSTEINE DURING 
EXPOSURE TO 1 0 0 % O2 AT 5 , 7 , 9 , AND 1 1 ATM ABS 

4 mmoles/kg 5 atm abs 7 atm abs 9 atm abs 1 1 atm abs 

G S H 1 9 8 . 7 ± 4 5 . 6 (min) 2 2 . 3 ± 6 .8 1 0 . 5 ± 3 . 8 5 . 7 ± 2 . 3 

Cysteine 1 0 6 . 9 ± 3 1 . 4 2 3 . 6 ± 6 .8 1 0 . 6 ± 1.8 6 .1 ± 1.3 

The effects of the various compounds at the four pressure levels selected are shown in 
Figs. 2, 3, and 4. The response of rats exposed to Tris, glutamate, and GABA was not signifi­
cantly different from that of the control rats at 7, 9, and 11 atm abs of O2 pressure. Cysteine at 
4 mmoles/kg provided minimal protection. GSH at 4 mmoles/kg produced a protection curve 
identical to the 4 mmoles/kg cysteine curve at 7, 9, and 11 atm abs of O2 pressure (Table I). 
At 10 mmoles/kg, however, GSH provided slightly less protection than succinate did at these 
pressures. Cysteine + succinate provided the greatest protection of all substrates at 7, 9, and 
11 atm abs of O2. 

7 9 
O2 p r e s s u r e ( a t m a b s ) 

FIG. 4 . Time to convulsions in control rats (—) and in those injected with 1 0 mmoles/kg G S H ( · · · ) , 
4 mmoles/kg cysteine ( ), 1 0 mmoles/kg succinate ( ), and 4 mmoles/kg cysteine plus 1 0 mmoles/kg 
succinate ( — ) prior to exposure to 1 0 0 % O2 at 5 , 7, 9 , and 1 1 atm abs. 
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Discussion 

At 5 atm abs, GSH proved to be the best single protective agent against O2 toxicity. How­
ever, a mixture of cysteine and succinate (4 and 12 mmoles/kg, respectively; data not shown) 
offered protection equal to that of GSH. A 4-mmoles/kg dose of GSH produced an average 
convulsion time of 198.7 ± 45.6 min (8 animals) (Table I). The 4-mmoles/kg cysteine dosage 
should be equal to GSH in affording protection to the SH group, yet the average time to 
convulsions was only 106.9 ± 31.4 min (23 animals). We have recently proposed (6) that at 
5 atm abs of O2, GSH offers SH-group protection plus metabolic substrate protection because 
the glutamyl component of GSH goes to succinate via the glutamate —> GABA succinic semi-
aldehyde succinate pathway. If the ultimate compound providing protection is succinate 
when GSH, glutamate, and GABA are utilized, then the protection offered by glutamate 
and GABA alone should disappear when increasingly higher pressures are used. This is 
because the time required to convert glutamate to GABA via glutamic decarboxylase, and 
GABA to succinic semialdehyde via GABA-T is longer than the time required to offset the 
effects of the rapidly building O2 tensions (see Figs. 2, 3, and 4). 

GABA and glutamate did not provide protection against O2 toxicity at 7, 9, and 11 atm 
abs of O2 pressures. At these pressures, GSH protection (4 mmoles/kg) was identical to that of 
cysteine of the same dose. At 5 atm abs, however, GSH protection greatly exceeded that of 
cysteine in the 4-mmoles/kg dosage. We therefore concluded that at 5 atm abs there is both 
SH-group and substrate protection (via conversion to succinate). However, at 7, 9, and 11 
atm abs, there appears to be only the SH-group protection, since in equal doses (4 mmoles/kg) 
the GSH and cysteine protection was identical—perhaps because there is insufficient time for 
enzyme action to convert GSH to succinate at these pressures. At 5 atm abs, cysteine + 
succinate and GSH (10 mmoles/kg) provided the same protection. At greater O2 tensions—7, 9, 
and 11 atm abs—GSH protection did not equal that of cysteine + succinate. 

We have shown (6) that succinate can markedly stimulate ATP production in the brain 
tissues of the mouse, rat, guinea pig, rabbit, cat, and dog. We attributed the protective action 
of succinate against HPO to this ability to stimulate ATP production to keep up with the 
ATP demands of the cells. We have also demonstrated (7, 9) in O2 toxicity that ATP con­
centration in the tissues decreases, and beheve that this decrease is due to an interference 
with the celPs ability to maintain normal respiration and oxidative phosphorylation. Exog­
enous succinate was therefore used in an effort to sustain normal ATP levels. We showed that 
normal ATP levels, as well as other biochemical functions, were maintained with exogenous 
succinate throughout 90 min of exposure to 5 atm abs O2 pressure. Control animals in earlier 
experimentation (7) showed markedly reduced ATP levels and altered biochemical functions. 
Glucose and malate did not provide similar protection, as evidenced by the time to convulsions 
at 5, 7, 9, and 11 atm abs of O2. 

ATP production from succinate (a FAD-linked substrate) is considerably faster than that 
from other Krebs cycle substrates that yield ATP via NAD. The NAD link to the electron 
transport chain, along with associated enzyme systems, is adversely affected by hyperbaric 
oxygenation (2, 11). Other substrates contributing electrons to the electron transport chain 
via a FAD molecule should offer protection similar to that of succinate. a-GP is one such com­
pound and, as seen in Fig. 1, provided protection against O2 toxicity at the 12-mmoles/kg dose 
in the 5 atm abs exposures. At 7,9, and 11 atm abs, however, a-GP gave slightly less protection 
than succinate did. 



40 A A R O N P. S A N D E R S A N D W I L L I A M D . C U R R I E 

The GSH protection (10 mmoles/kg) at 7, 9, and 11 atm abs is attributed to the SH-group 
protection only, and is less than that of succinate. Protection by Tris buffer was considerably 
less than that of either the metaboUc substrate (succinate) or the SH group. The combination 
of SH and substrate protective substances—cysteine + succinate at 5, 7, 9, or 11 atm abs, or 
GSH (10 mmoles/kg) at 5 atm abs—offers the best protection of all against O2 toxicity. 

Succinate is rapidly used up. We therefore expected that succinate would be the best single 
protective agent against acute O2 toxicity. However, in circumstances of long-term HPO 
exposure, succinate cannot be expected to provide continuous protection since the tissues will 
use it up preferentially as it becomes available. In contrast, GSH can be expected to provide 
better protection than succinate will in circumstances of long-term exposure to O2 at lower 
pressures. GSH is used slowly until decreased ATP levels or stress phenomena lead to its 
hydrolysis, providing substrate protection via glutamate —> GABA —> succinic semialdehyde 
—> succinate, in addition to SH-group protection from its (GSH) cysteinyl component (6). We 
are presently evaluating this action of GSH. 
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EFFECTS OF OXYGEN ON BLOOD FORMATION 
AND DESTRUCTION 

Craig L. Fischer and Stephen L. Kimzey 

Although the deleterious effects of increased O2 pressures have been recognized since the 
classic work of Paul Bert (1), it has been only during the last several decades that the practical 
importance of O2 toxicity has come to be generally recognized. The existence of a toxic influence 
of O2 upon the formed elements of the blood has only recently been reported (2) and has led to 
detailed investigations of the effects of increased Po^ upon erythrocytes (3, 10, 15, 16). Interest 
in these and other forms of O2 toxicity stems from man's increasing dependence on the environ­
mental control systems required in explorations of the ocean depths and the void of outer space 
(2, 6, 12, 13, 19). Growing interest in therapeutic use of O2 at pressures greater than atmos­
pheric has also stimulated study of the hematologic implications of O2 toxicity (4). 

Basic Considerations 

Blood is normally exposed to a P02 of 100 mmHg at the alveolar capillary level (20), re­
sulting in O2 saturation of approximately 98% of the available hemoglobin. In an average man 
whose plasma volume and hemoglobin values are within normal ranges, the O2 capacity of the 
arteriaUzed blood is approximately 20 vol % . Of this value, approximately 19.75 vol % is 
carried in chemical combination with hemoglobin, whereas only 0.25 vol % is transported in 
physical solution within the plasma. Since hemoglobin is essentially saturated at normal 
ambient P02, increasing the O2 tension can only augment the blood's oxygen-carrying capacity 
by increasing the amount of O2 that is physically dissolved. 

The relationship between the amount of gas dissolved in plasma and the partial pressure of 
the gas is a linear function and is described by Henry's law of solubility of gases in liquids. 
The critical point to be made here is that, under hyperoxic conditions, the only O2 increase 
to which the formed elements of the blood are exposed is the O2 physically dissolved in the water 
of blood plasma and cells (i.e., the unbound O2 and therefore the chemically active component). 

Proposed Mechanisms of Oxygen Toxicity 

Under conditions of hyperoxia, physically dissolved oxygen has been shown to damage 
RBC by: (1) Direct inhibition of glycolytic enzymes containing active SH groups (5, 17, 18), 
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and (2) formation of lipid peroxides from lipid moieties of the RBC membrane Hpoproteins 
(3, 5, 9, 14, 16). Recently a third and more indirect mechanism of RBC damage has been 
postulated. Houlihan and his co-workers (7) have found that under hyperoxic conditions the 
products of catecholamine oxidation have a deleterious effect on RBC in vitro. 

Although throughout this discussion O2 is regarded as a causative agent in RBC changes 
observed during space missions and prolonged exposures to elevated P02 in ocean dives, it 
must be remembered that several permissive factors may be involved. These include diet, levels 
of physical activity and possibly adrenal medullary hormone levels (4, 5,11). 

Experimental Data and Hypothesis 

In connection with the Gemini and Apollo space flight programs and the SeaLab III and 
Tektite diving programs, we have conducted a series of blood studies including measurements 
of RBC mass. Crew members and test subjects in the several projects were exposed to very 
different breathing atmospheres, ranging from pure O2 in the space flights to mixtures of O2 with 
He or N2 in the diving situations. The atmosphere exposure profiles and changes in RBC 
mass which resulted are summarized in Table I. These operational programs differed signifi­
cantly from one another in such respects as diet, ambient pressure, the presence or absence of 
gravitational stress, and the degree of exercise performed. However, in all of the studies based 

TABLE I 

"CR RED CELL MASS DATA 

Study or mission 

Atmosphere profile 
No. of 

subjects 
Exposure 

(days) 

RBC mass change (%) 

Study or mission Minimum-maximum (mmHg) 
No. of 

subjects 
Exposure 

(days) Range Mean 

Tektite 160 O2 4 60 + 8 . 0 - 2 . 0 
876 N2 - 7 . 4 

Apollo 8 237-304 O2 3 7 + 2 . 0 - 2 . 0 
21-456 N2 - 4 . 0 

Apollo 7 237-304 O2 3 11 - 2 . 0 - 3 . 0 
21-456 N2 - 9 . 0 

2TV-1 237-304 O2 3 11 - 1 . 6 - 3 . 0 
21-456 N2 - 7 . 3 

Brooks AFB 236 O2 4 21 + 6 , 0 - 3 . 0 
chamber study 23 N2 - 1 0 . 0 

SeaLab III 209 O2 3 12 + 4 . 0 - 5 . 0 
chamber study 836 N2 - 9 . 0 

12887 He 
Apollo 9 258-304 O2 3 10 - 4 . 0 - 7 . 0 

0-456 N2 - 1 0 . 0 
Gemini 4 288 O2 2 4 - 1 2 . 0 - 1 3 . 0 

- 1 3 . 0 
Gemini 7 258 O2 2 14 - 8 . 0 - 1 4 . 0 

- 1 9 . 0 
Gemini 5 258 O2 2 8 - 2 0 . 0 - 2 1 . 0 

- 2 2 . 0 
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T A B L E II 

"BEST-FIT" HYPOTHESIS CONCERNING SEQUENCE OF EVENTS IN RED CELL 
HEMOLYSIS BY HYPEROXIA 

{— 
Direct 

disruption 
of R B C 

plasma 
membrane 

Hyperoxia 

i 
Peroxidation of red ' 
cell membrane lipids 

i 
Inhibition of red cell 
membrane SH groups 

Increased membrane 
— ^ permeability 

i 
Stimulation of Na pump 

i 
Increased membrane lipid 

turnover 

i 
Loss of red cell 

membrane lipids 

i 
Microspherocyte formation-

(fragmentation?) 

Reduction of plasma, 
vitamin E , 

and vitamin A 

Inhibition of active 
cation transport 

Osmotic swelling 
of red cells 

i 
Attainment 
of critical 
volume 

i 
Lysis of cells 

on atmospheres with greater than ambient P02 and the absence of diluent gas, a definite and 
significant reduction in RBC mass was produced. 

G E M I N I P R O J E C T 

Hematology data obtained on the Gemini astronauts suggest that the flight-related reduction 
in RBC mass is characterized by the following: 

1. Shortening of the ^̂ Cr half-life extrapolated over the flight interval. 
2. An increase in the mean corpuscular volume (MCV). 
3. An increase in the osmotic fragility of the RBC population, as measured immediately 

postflight. 
4. Abnormal RBC morphology characterized by acanthrocytes, schistocytes, and micro-

spherocytes. 
5. Postflight reticulocytosis. 
6. Inhibition of RBC phosphofructokinase and GA-3-PD. 
7. Reduction in plasma vitamin Ε and possibly vitamin A. 
8. Quantitative and qualitative alterations in RBC membrane hpids. 

On the basis of these findings and information previously pubhshed by others, we devised the 
^'best-fit'' hypothesis outlined in Table II, which draws heavily upon Jacob's schema for the 
pathogenesis of hereditary spherocytosis (8). An experimental protocol was then designed to 
provide the hematological information necessary to appropriately modify this hypothesis. 
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A P O L L O P R O J E C T 

Data gathered during the Apollo missions provided us with our first basis for comparison 
of the hematologic data derived from the Gemini missions. Unlike the crew members of the 
Gemini flights, the crew of the first two manned Apollo flights (missions 7 and 8) displayed 
no significant reductions in RBC mass. Evaluation of these two Apollo missions and the Gemini 
mission profiles revealed that the only significant difference between the spacecraft environ­
ments was in the breathing mixtures. (The Gemini spacecraft had a 100% O2 atmosphere.) 
Prior to Apollo 7 and 8 a change in Apollo launch procedures was made, requiring a spacecraft 
atmosphere of 304 mmHg 02-456 mmHg N2 at the time of liftoff. Although the in-flight 
atmosphere leak was replenished with 100% O2, the spacecraft's P^^ never got below 21 
mmHg by the time of deorbit. 

The Apollo 9 flight provided a unique opportunity to restudy the pure O2 atmosphere used 
in the Gemini flights. This was occasioned by a programmed extravehicular activity (EVA) 
requiring spacecraft recompression with 100% O2 at 260 mmHg after complete evacuation of 
the capsule. The EVA took place on the third day of the 9-day mission; the crew therefore 
had approximately 6 days of pure O2 exposure, during at least 4 of which they were denitro-
genated. 

The Apollo 9 postflight hematological examination revealed a modest but significant re­
duction in mean RBC mass. Because the only essential difference between the Apollo 7 and 8 
missions, on the one hand, and the Apollo 9 mission, on the other, was the presence or absence 
of N2 in the spacecraft atmosphere, we took a closer look at our data from other pure O2 and 
mixed-gas exposures. Comparison of these RBC mass changes (see Table I) revealed that in 
all exposures utilizing a mixed-gas atmosphere, no significant loss in RBC mass was detected. 
(A change of 5% is considered significant and accounts for technical and physiological varia­
tions.) Conversely, when a pure O2 atmosphere was breathed for longer than 3 days, significant 
decreases in circulating RBC mass occurred. 
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FIG. 1. Postflight changes in levels of plasma vitamin Ε and vitamin A in Apollo 9 crew. 
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FIG. 2 . Postflight changes in the active component of potassium (K) influx in erythrocytes of Apollo 9 crew. 

The reduction in RBC mass observed following Apollo 9 occurred in conjunction with other 
significant biochemical changes. Specifically, these included: (1) Reduction in plasma levels 
of vitamins Ε and A (Fig. 1); (2) decreased activity of PFK and other enzymes containing 
active SH groups; (3) alterations in the transmembrane cation flux (Fig. 2); (4) reduction in 
total RBC membrane hpids, particularly the phospholipid fraction (measured as lecithin) 
(Fig. 3); and (5) abnormal RBC morphology characterized by acanthrocytoid cells, sphero-
cytes, and schistocytes. Correlation of these data with our hypothesis concerning the effects 
of O2 on the RBC shows a good ^^t. '̂ 
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FIG. 3 . Postflight changes in R B C lecithin in Apollo 9 crew. 
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Data obtained from the Apollo 10 circumlunar mission, throughout which a mixed N2-O2 
gas atmosphere was maintained, indicate that no significant changes occurred in the param­
eters listed above. It appears that, as in Apollo 7 and 8, the presence of a diluent gas may be 
an important factor in determining the toxic effect of O2 on the formed elements of the blood. 
Although these data strongly suggest that N2 may play a moderating or protective role in the 
effects of hyperoxia on the blood, only further intensive study will reveal the actual effects of 
each gas. 

Another factor that can cause a decrease in RBC mass is hyperoxic repression of erythro-
poiesis. In our experience to date, decreased erythropoietic activity has not been significant 
in the reductions in RBC mass observed. Our observations agree with those of Zalusky el al. 
(21), who studied the physiological effects of pure O2 and of various mixtures of N2 and O2 
at 258 mmHg. It should be pointed out that even complete inhibition of erythropoiesis would 
result in an effective reduction in RBC mass of less than 1% a day. We have measured losses 
much greater than this, although sufficient data are still lacking with respect to the significance 
of inhibited erythrocyte production in the observed reductions of circulating RBC mass. 

As exposures to unnatural atmospheres continue to occur and with increasing durations, 
the influence of O2 upon the blood will become increasingly important. In such situations it is 
now considered that: 

1. The increase in physically dissolved O2 contributes more to the chemical toxicity of 
hyperoxia than that which is chemically bound. Therefore, any elevation in O2 tension above 
160 mmHg may precipitate the death of susceptible cells. 

2. The deleterious effect of O2 on RBC leads to a decrease in the circulating RBC mass. This 
reduction results either directly from the inactivation of essential glycolytic enzymes by oxida­
tion of SH groups, or indirectly by the formation of lipid peroxides from the lipoproteins of the 
RBC membrane and the subsequent inactivation of SH-bearing enzymes. 

3. The addition of N2 or He to a hyperoxic breathing mixture may significantly reduce or 
inhibit altogether the deleterious effects of hyperoxia. The protective effect of these gases 
seems to be disproportionate to their concentrations in the atmosphere. As more data are 
gathered, we may find that gases once referred to as ''inert'' do, in fact, have an active pro­
tective effect in a hyperoxic atmosphere, rather than having the passive role usually attributed 
to them. 
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PART I. OXYGEN. MECHANISMS OF TOXICITY* 

DISCUSSION 

R. E. Davies, Chairman 

Chairman Davies: I will call first upon Mr. Allen for comment on oxygen effects on active transport 
mechanisms. 

Mr. Allen: We have been using as a model system for study the isolated toad bladder preparation, which 
actively transports sodium from its mucosal (or urinary) side to its serosal side. It is a very simple tissue, 
with one layer of cells on the urinary side of this tissue being responsible for sodium transport. 

Sodium enters on the mucosal side, passes down its diffusion gradient, across the cell to the sodium pump 
where it is actively extruded on the serosal side, against the concentration gradient and with the concomitant 
utilization of ATP. 

We chose this system for study of O2 effects because its environment could easily be altered in vitro. We 
have used exposure to 100% O2 at 145 psig pressure. The onset of O2 poisoning as the inhibition of sodium 
transport occurs within 10 or 12 min at this pressure and within about 60 min at 5 atm pressure. This phe­
nomenon is reversible, as is seen in mammalian convulsions. The poisoning is potentiated by aldosterone. When 
aldosterone is administered, the increase in sodium transport normally seen with this hormone in this tissue 
occurs; when hyperbaric O2 is administered, there is a rapid falloff in transport. 

We have measured metabolites of this tissue under hyperoxic conditions and found an increase of ATP 
levels after 15 min of HPO, at which time poisoning is just beginning, and also after 75 min, when transport 
is down to a level of about 50% of its baseline level. We have interpreted this as indicating a direct inhibition 
of the sodium pump, since at the time sodium transport is inhibited, ATP-substrate levels for this enzyme are 
increased. 

We have also studied decarboxylation of pyruvate under hyperoxic conditions, and have found that 
metabolism is not decreased at times when poisoning is normally seen, but is in fact increased. The pattern is 
consistent with increased ATP levels and a decreased N A D H level. 

We therefore feel the first incident occurring under HPO in this tissue is a formation of lipid hydroperoxides. 
The evidence for this is that if lipid hydroperoxides are formed in vitro these will completely inhibit the sodium 
pump. These peroxides would also be expected to localize mainly in the lipid phase of serosal and other mem­
branes. 

The utilization of reducing equivalents is probably through glutathione. Our preliminary data indicate 
that NADPH levels are decreased, as are reduced glutathione levels. This would explain the increased glucose 
consumption (the decreased NADPH levels would bring about an increased glucose and pyruvate consumption). 

Dr. Seemann: Have any human experiments been done with substances protective against oxygen 
poisoning? 

Dr. Sanders: Not in our institution. The main reason is that we are using straight sodium succinate, 
which involves a large sodium load. You would produce severe alkalosis problems. 

Dr. Lambertsen: There seems to be no human use of protective substances except for phenobarbital or 
other central depressants to delay onset of convulsions. Most of the protective substances, as in protection 
against radiation damage, are themselves toxic. 

Dr. H. C. Davies: I wish to speak about the role of GABA in protection against convulsions. In high O2 

* Panelists: N. Haugaard, J. D. Wood, B. Chance, B. G. D'Aoust, A. P. Sanders, C. L. Fischer, H. C. Davies, 
J. E. Allen. 
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experiments on mice, glutamic decarboxylase levels fall and presumably the GABA level falls too. This is 
because glutamic decarboxylase is 02-sensitive and the glutamic relationship is thus suppressed to GABA. 
If lipid peroxidation has occurred on membrane surfaces due to high O2, damage to the transport mechanism, 
such as is seen in the sodium pump too, could cause potassium in the brain to leak from the mitochondria, 
pass through the cell membranes and be at the synapse. Krebs has shown that, in the presence of glucose, 
brain cortex slices absorb potassium together with glutamic acid. The ability of glutamic acid to aid in the 
transport of potassium ions across cell membranes is highly specific. Other amino acids do not replace glutamic 
acid in this function and glutamine does not replace it either. 

Salganicoff and DeRobertis have shown that while GABA, glutamine, and a-ketoglutarate penetrate 
rather freely in isotonic conditions, glutamate cannot cross the barriers offered by nerve endings and mito­
chondrial membranes. It is possible that the effect of GABA is to penetrate the membranes where it is trans-
aminated with a-ketoglutarate to succinic semialdehyde and glutamate. The glutamate is now able to hold the 
potassium from being transported into the synaptic cleft to some extent. The GABA thus protects against 
potassium leaking into the cleft. 

The very high CO2 tensions that have been shown by Marshall and Lambertsen to be anticonvulsant 
may also be related at this step to a metabolic reversal, with GABA and CO2 forming glutamate, again making 
glutamate able to hold the potassium. 

Chairman Davies: This theory was only invented ten hours ago, and thus it is able to be exposed before 
an expert audience rather more quickly than usual. 

Dr. Chance: My question is a little bit more general, but might lay the scene for more sharply pointed 
questions on the hypothesis that Dr. Davies and, I think, Mr. Allen share a little bit in common. We use the 
convulsive seizure of an animal (usually the mouse) as our criterion of a hyperoxic lesion. We should agree to 
agree that this is a proper criterion; nevertheless, there are some discrepancies. The ATP rise that we observed 
in O2 poisoning seems to be still elevated at the time when we observe the animal to exhibit convulsions. Since 
the derangement of ion balances is, I think, accepted as the key to convulsions, we want to be sure that this 
physiological evidence does jibe closely with is biochemical. 

Dr. Sanders: Our reason for suspecting ATP, actually the whole reason we began hyperbaric work 
initially, was based upon the idea that, in severe hypoxia and in hyperoxia, animals pass through convulsions 
prior to death. Then we learned from studies of Dickens that succinate was one of the systems least affected. 

We had done work in some hypoxia situations, and had noted that succinate was the last of many enzyme 
systems to be damaged under hypoxia; it is one of the most resistant systems. Under hypoxic conditions the 
a-keto pathway and others will be inactivated before the succinate-ATP production or ATP-respiration 
oxidative phosphorylation is inactivated. 

Of course, evidence has never been presented that a drop in energy could set the stage for convulsions. 
We have considered that, preceding convulsions, a drop in the energy level of the tissue occurs. This could 
result in a hypopolarization (for example, by the sodium pump becoming less efficient), leading to an excitability 
state. At this stage an incident stimulus could very well trip the animal into convulsions. 

This is just theory at this point, but as we got involved in hyperbaric oxygenation and used convulsions 
as a criterion of toxicity, we did follow the effects at 5 atm through 30, 60, and 90 min and saw that at 60 min 
there was still an elevated brain ATP in rats, yet at 90 min even the animals that had not convulsed had a 
decreased ATP. 

To pursue this, but not with hyperbaric O2, we decided to study convulsions in general using, first of all, 
hypoxia and, second, a convulsive agent to look at changes in ATP in animals prior to and after convulsion to 
get an idea of the energy level as related to the onset of convulsion. 

We exposed animals to 0.4% O2, which was as low an O2 concentration as we could get and measure ATP 
levels. The average time for development of convulsions was about 23 sec, and there is no question that there 
was a drop in ATP preceding the convulsion. 

Similar studies were done with 0.8% O2 and 2% O2. A longer time was required for development of a 
convulsion, but again the convulsion seizure set in at about 60 to 70% of the normal level of ATP. The animals 
appeared to by this change have developed a state of hyperexcitability. If these animals were picked up prior 
to the average time for convulsion, they convulsed in hand. It appeared that there was an excitability state— 
that if they received a massive stimulus they would convulse. 

With hydroxylamine, a convulsive agent, exactly the same type of pattern occurs even though, in other 
words, we do not have a hypoxic state. 
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What we are saying is that we do believe that convulsions are a very good indicator of O2 toxicity, based 
upon our concept of a decrease in ATP, which I believe is a direct result of the block that Chance has described. 
Chance has provided the best proof that NAD does go to the oxidized state and stays there under high O2 
conditions. We have seen an elevated ATP prior to the decrease which occurs as the animal goes into convulsions. 

Corresponding with this decrease in ATP, we have seen marked increases in the free lysosomal enzymes 
leaking into the cell. In that critical period between 60 and 90 min of O2 exposure, at the time the animal goes 
through convulsions, we have seen marked increases in the acid-soluble N2, indicating lysosomal enzyme action 
with respect to the structural protein and, of course, other drastic changes with respect to key enzyme systems. 

If we employ succinate protection during that same time interval, we maintain normal ATP levels, normal 
free lysosomal enzymes, normal acid-soluble nitrogen levels, and the normal enzyme activities associated with it. 

Chairman Davies: Dr. Chance wishes to make a comment. Before Dr. Chance makes his comment I 
would ask: Did you measure phosphorocarotene in these brains? 

Dr. Sanders: No, we did not. 
Dr. Chance: These data are striking and to the point. We have done similar things on the time for de-

energization of mitochondrial systems. It is true that in 23 sec one can observe the convulsions. The energy 
stores are still quite predominant but they are down some. Decapitation experiments, for example, follow this 
line as well, and I think there are data showing that GABA changes with decapitation. 

The evidence is suggestive but not completely convincing that ATP is the only thing that changes. Of 
course, I would be happy if it were, but we have to realize that sometimes the correlation of convulsions with 
biochemistry is fortuitous, and maybe the basic structural lesion, which has been referred to by Mr. Allen and 
Dr. Davies, is something that one might pinpoint a little bit better than the response of the whole organism. 

Dr. Sanders: I do not believe ATP is the sole effect. I do believe under the conditions of acute O2 toxicity 
that it is the primary factor responsible for precipitating convulsions so rapidly. I think in the chronic state 
we might find a totally different set of circumstances where we do not see the same pattern of enzyme changes 
as in acute conditions. 

Cdr. Hoke: Have you studied chemical protection against the pulmonary effects of O2 toxicity? 
Dr. Sanders: There is a pathologist who has been with our group for a period of time who has done some 

work along this line, but she has not reported it. 
Dr. Wood: On the question of pulmonary damage, we have shown protection with the GABA. However, 

I think there are possibly two types of pulmonary damage. There is what we may call the slow reacting form, 
which is predominant at pressures below 2 atm. There is also very severe lung damage seen in animals that 
have suffered severe convulsion. I believe, as I think does Dr. Bean who was perhaps the originator of this 
type of thinking, that the convulsions trigger the nervous system and this is in itself a trigger for lung damage. 
Whether this is the same type as the slow reacting but just speeded up, or whether it is entirely different, I 
don't know. 

Dr. Van Liew: I gather that some of the speakers, in particular Dr. Chance, believe that convulsions are 
the result of decreased energy production and thereby changes in the electrol3rte balance between the inside and 
outside of the cell. On the other hand, GABA has been suggested by the neurophysiologists as being a specific 
transmitter of inhibitory synapses in the CNS, and its effects should not be related to energy levels. Isn't 
GABA thought to be a specific transmitter across inhibitory synapses, in which case it is not the energy me­
tabolism which is important, but whether or not GABA reaches high or low concentrations? 

Dr. Wood: This is true. However, a variety of substances can have the same inhibitory effect as GABA. 
For instance, glycine and /3-alanine are just as potent as GABA when applied to the neurons. However, they 
are not present in the brain to the same level as GABA. GABA is in much higher concentrations than these 
other substances. 

Personally, I feel that GABA in the CNS is perhaps not so much the classical inhibitor (released in little 
packages from the nerve endings, acting in the synaptic cleft and then being quickly destroyed), but rather 
that GABA bathes the neuron all the time. There is a fairly constant extracellular level of GABA, and it is a 
modulator rather than an inhibitor—if I can differentiate it that way. 

About the role of oxidative metabolism and O2 poisoning, this does come into consideration with GABA, 
even if GABA does act primarily in a neurophysiological manner; GABA has to be destroyed and, as I showed, 
this is done by the oxidative route, by the GABA shunt pathway. 

Mr. AUen: I would merely like to say that the synthesis of GABA is also under the control of NADPH 
levels, I believe. 



52 R . Ε . D A V I E S 

Dr. Chance: We have talked about energy levels and concentration, but we have not talked much about 
distributions, which Dr. Wood mentioned was a very important factor. Perhaps we can tie this up in the sense 
that we mentioned lipid peroxidation. Lipid peroxidation is bad for membranes, and it may be that some of 
the intracellular compartments are damaged very early in O2 poisoning. While it seems a little bit oblique to 
bring the mitochondrion in, it does, after all, have a membrane and has compartments as well. The reaction 
which I believe to be inhibited by hyperbaric O2 is the isolation of a pool of N A D H which is under control of 
energy and may be maintained in reduced state as long as the membrane integrity is appropriate and the 
energy level is high. In order that this pool of NAD, which is under control of energy, be separated from that 
pool which is in active contact with the respiratory chain, one does need a form of compartmentation. 

We have shown that a few moments at 16 atm will completely block the effectiveness of this compartmen­
tation which is able to reduce NAD to NADH when ATP and succinate are added to a heart system. But the 
short exposure blocks the reaction, the ratio of the rates being over tenfold. One interpretation is that the 
compartment which prevents the reoxidation of this material is now damaged. 

If we now turn to the GABA question, I can cite Garfinkle's computer representation of the whole sequence 
of GABA metabolism. His computer study demands a small compartment and a large compartment for the 
whole brain, on the basis of isotope studies. Perhaps it is the transfer between these compartments that is 
membrane-dependent, that is, altered in these events. Thus, not only would one expect to see the GABA now 
become available to enzyme systems to which it previously was unavailable, but also disequilibration of ion 
gradients as well. So I think these factors are all tied together. 

Dr. D'Aoust: A point we were speaking of earlier related to the trigger mechanism for convulsions. It is 
generally considered that the trigger is displaced ion equilibrium in and around the synapse. However, it would 
be nice to conceive of a physical disturbance, and I want to suggest such a possibility. 

Recently Koenig has shown that fluorocitrate-produced convulsions in the lumbar region of the cat are 
accompanied by mitochondrial swelling and rupture and lysosomal enzyme release in and around the axon 
where it leaves a neuron. I think it is a very plausible suggestion that mitochondrial swelling in and around 
either the axon, its exit from the neuron, or at the synapse would be an observation at least consistent with 
what is known of energy metabolism and its effect on mitochondrial configuration. This would also be con­
sistent with the demonstration by Dr. Wood that hyperosmotic solutions inhibit the onset of O2 convulsions. 

If it were not the mitochondrial size that was affected, hyperosmotic solutions would be expected to gener­
ally shrink the neurons all over and would not cause a leaky membrane. However, they would inhibit the 
swelling of mitochondria due to such a process. 

Chairman Davies: Two gentlemen have had their triggers for convulsion exceeded. The first is Dr. 
Chance. 

Dr. Chance: I would like to raise some points about the photosynthetic example Dr. D'Aoust studied. 
The diffusion of O2 in the cell is very effective, and it is very difficult even in milliseconds to establish a dis­
equilibration of the O2 gradient. Furthermore, photosynthesis is not the most appropriate mechanism on which 
to study hyperbaric states or at least physiological hyperbaric states. 

The second point concerns the cytochrome content of the swimbladder. Actually, I do not think you had 
any cytochrome in either of these spectra you showed; I think you had a little hemoglobin in the spectrum 
which did show absorption close to that of oxyhemoglobin. 

Lastly, I would say generally from the teleological standpoint that, if nature has had a problem, it probably 
has not been O2 in high concentrations; it has been O2 in low concentrations. I would imagine that peroxides 
would have been the biological problem and indeed we have the peroxysome which has been built more or less to 
take care of this problem. Maybe the oxysome should have been built to take care of the other period. 

Chairman Davies: It is the teleost fish that produces this very high O2 tension in the swimbladder, so 
teleologically there still exists that problem about high O2 pressure in nature. 

Dr. D'Aoust: This fact that in photosynthesis the light-induced proton pump is insensitive to higher O2 
pressures than 0.2 atmosphere is supported by experiments in which a pre-air-equilibrated system was 
subjected to 1,000 atm of hydrostatic pressure but, nevertheless, produced oxygen. 

A recent experiment has shown that the equilibrium P02 of pre-equilibrated water and air rises with hydro­
static pressure by about 14%/100 atm. Thus one can calculate that at that pressure of 1,000 atm the P02 
was approximately 0.8 atm. Therefore, O2 evolution per se, while I admit, as Dr. Chance said, is not the best 
system for studying O2 toxicity, certainly supports the idea that it is the dark reactions of photosynthesis that 
are oxygen-sensitive. 
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Chairman Davies: I think this problem of ''what is the concentration" gets difficult if you think of 
what is the concentration in a sieve that just includes one O2 molecule. You can arrive at apparently tremendous 
pressures. It is like "what is the pH of a mitochondrion" that Chance and others have discounted in the past 
because when you calculate it there is hardly enough room for even one H2 ion. But the pH of a mitochondrion 
still has a significant statistical meaning. 

Dr. Haugaard: I would like to make a plea that, in studies of agents that may protect against O2 poison­
ing, we do not use the time of convulsion as the only way of measuring the effect of the agent. There are cer­
tain substances, particularly anesthetics, that may prevent convulsions and yet not at all slow down the really 
more damaging toxic effects on cells. 

Dr. Sanders: We agree. However, we have also seen that when using succinate we have protected against 
convulsions and, when we check corresponding biochemistry as indicated by free lysosomal enzymes, by acid-
soluble N2, by depression of succinic dehydrogenase, and acid phosphatase, we find they are normal. So we are 
not relying only on convulsions as an endpoint in our protection mechanism. 



EFFECTS OF OXYGEN UPON OPHTHALMIC STRUCTURES 

Charles W. Nichols and C. J. Lambertsen 

Although man has now been purposefully exposed to several gases such as He, N2, and O2 at 
concentrations far exceeding those encountered in our environment, only O2 has been found 
to alter vision and produce structural changes in the eye. The ocular consequences of exposure 
to increased P02 may be placed into two overlapping classifications according to their physio­

logical or pathological effects. The physiological effects are those not due to irreversible chemi­
cal toxicity. They can be expected to occur immediately when O2 breathing begins and re­
verse promptly on returning to a normal inspired O2 tension. The range of pathological effects 
is broad, from transient inñuences of true enzymic O2 poisoning to consequences of toxic ef­
fects upon chemical systems, physiological mechanisms, or anatomical structures. These 
effects persist or appear even after terminating the exposure of the subject to high O2 tension. 
Most of the reported effects of O2 upon the eye involve the neurosensory tissues and these will 
be discussed first. 

Physiological Influence of Oxygen Involving Neurosensory Ocular Tissues 

Oxygen at high pressure can cause constriction of the retinal vessels and peripheral visual 
field. The constriction of the retinal vessels in response to O2 breathing has been observed in 
many studies, representative of which are those of Saltzman et al. (32) and Hickam et al (15) 
(Fig. 1). Saltzman et al. found a mean decrease in the diameter of the retinal arterioles and 
veins of 8.5 and 10.7%, respectively, at a F02 of 1.0 atm abs. When the P02 was increased 
to 3 atm, there was a 19% decrease in the diameter of the arterioles and a 28% decrease in 
diameter of the veins. In a similar experiment with O2 at 1 atm, Hickam found a decrease of 
11.6% for the arterioles and 14.9% for the veins. The difference between these results is most 
hkely due to a difference in the initial size of the vessels studied, for Dollery et al. (9) have 
pointed out that the degree of vascular constriction varies inversely with the initial caliber 
of the vessel and is directly proportional to the dose of O2 (inspired Ρ02)· Differences in the 
subjects used for such studies might also account for the differences in vascular reactivity 
for Sieker and Hickam (33) have shown that a decreased retinal vascular response to O2 occurs 
with increasing age and in pathological states such as diabetes mellitis and hypertension. 
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FIG. 1. Effect of O2 inhalation upon the diameter of the retinal vessels in man. The results of two separate 
studies are compared on the graph. The dotted lines represent the alterations reported by Hickam et al. ( 1 5 ) , 
and the solid lines are those reported by Saltzman et al. ( 3 2 ) . 

The relationship between the effects of hypocapnia and hyperoxia in producing cerebral 
and retinal vasoconstriction has been emphasized by Lambertsen (17) and Spalter, Nahas, 
and Len (34). When the Paco2 is controlled, hyperoxic vasoconstriction of retinal and cere­
bral vascular beds is prevented; otherwise, the degree of vasoconstriction which occurs has ap­
peared to be proportional to the hypocapnia normally associated with O2 breathing (Table I) 
(18-20). Other authors (1) have failed to find an association of retinal vasoconstriction with 
hypocapnia. However, most of the subjects in these studies showed unexplained Paco2 increases 
during O2 breathing in contradistinction to the respiratory stimulation and hypocapnia re­
ported consistently by others (18-20). 

That the acute physiological vascular changes induced by O2 do not adversely affect vision 
has been shown by Miller (23) and Gallagher et al. (12). They could find no changes in visual 
acuity, visual fields, electroretinographic measurements, dark adaptation, and stereopsis 
with O2 exposures to 1 atm abs for periods of up to 24 hr. Of interest are two other studies 
of dark adaptation and O2 breathing. Elsas et al found no change in dark adaptation after 

TABLE I 

EFFECT OF O2 BREATHING ON ARTERIAL PCOJ 

Decrease in 
Pco2 from air 
breathing 
(mmHg) 

1 . 0 
Inspired P02 (atm) 

2 . 0 3 . 0 

- 1 . 4 

( 2 6 ) -

- 5 . 1 

( 5 ) 

- 7 . 7 
(7) 

3 . 5 

- 5 . 4 

( 2 1 ) 

Numbers in parentheses indicate the number of subjects. 
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15 min of O2 breathing at 3 atm abs (11). Kent (16), however, found prolongation of dark 
adaptation in two of four subjects exposed to O2 at 2.8 atm abs for 20 min. 

When O2 is breathed at 3 atm abs, no change in the visual fields has been recorded for the 
first 3 hr. After that time, however, a bilateral symmetrical contraction of the peripheral 
fields occurs, as was first described by Behnke et al. in 1936 (6) and confirmed later by others 
(10, 31). The visual fields will contract to as little as 10° around fixation, but vision does not 
entirely disappear until unconsciousness occurs due to CNS toxicity (17). In all cases, recovery 
occurs in less than 1 hr after the subject returns to sea level and breathes air. That a decreased 
O2 supply to the retina secondary to hyperoxic vasoconstriction is not a likely cause of the 
visual field changes has been discussed elsewhere (24). A more probable, but equally unsup­
ported explanation is a decrease in nutrient supply to the peripheral retina with depletion 
of its limited glycogen stores. Such a nutritional deficiency could combine Avith 02-induced 
inactivation of many enzyme systems to cause failure of normal neuronal function. 

Asymmetrical constriction of the visual fields at pressures and times less than those re­
ported by Behnke et al. (6) has been reported by two groups. In the case described by ZaFtsman 
et al. (36) both eyes were affected, but unequally and at a lower dose of O2 than required to 
produce symmetrical contraction in a healthy individual. The constriction cleared completely 
within 1 hr after the subject stopped breathing O2 at increased pressure. The cause of this 
excessive reaction of the individual diver to O2 breathing was not determined. 

In the second case, reported by Nichols et al. (25), the subject was a 21-year-old man with 
a previous history of retrobulbar neuritis in the right eye, manifested by mild temporal pallor 
of the right optic disc. After a 2-h O2 exposure at 2 atm abs, he experienced deteriorating 
vision in this eye. The effect was carefully followed over the next 4 hr as the visual field, 
measured by perimetry with a 10 mm white test object at 330 cm, decreased to a small tem­
poral island (Fig. 2). Over a period of several hours after O2 administration was discontinued, 
the visual field in his right eye cleared, except for two paracentral scotomas which persisted 
for several weeks (Fig. 3). Over this period the scotomas gradually decreased in size. 

OS 
10 /330 White 

OD 
1 0 / 3 3 0 White 

150 i 

180 80 

120^ ^ 6 0 

270 

3 3 0 

FIG. 2 . Perimetric fields of both eyes of a subject after 4 hr of breathing 1 0 0 % O2 at 2 atm abs. Left field 
remained unchanged when O2 breathing was terminated 2 hr later. Test object was 1 0 mm white at 3 3 0 cm. 
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I / I O O O W h i t e , 2 /1000 b l u e a n d r e d 2 / 1 0 0 0 B l u e a n d r e d 

FIG. 3. Tangent screen field at 1 m, 1 4 hr after O2 exposure, showing two paracentral scotomas with 1 mm 
white test object and 2 mm red and blue test objects. Central scotoma was present to colored test objects. 

This unilateral effect of O2 seemed to represent an exaggeration of a defect related to his 
previous retrobulbar neuritis. No visual changes were detected at any time in the left eye. These 
acute visual changes have been interpreted as representing an altered sensitivity to the meta­
bolic effects of hyperoxia on the part of the neuronal enzyme systems or the vascular system 
or both. This subject demonstrates that while the previously discussed visual effects of O2 
in normal men are slow in onset and rapidly reversible, the effects may be quite different in 
individuals with ocular manifestations of disease processes. 

Pathological Influence of Oxygen Involving Neurosensory Ocular Tissue 

The pathological changes involving neurosensory tissues of the eye include enzymic de­
rangement, visual cell death, retinal detachment, cytoid body formation, and retrolental fibro­
plasia. All these phenomena have been adequately described histologically or clinically. Al­
though the direct relationship between retrolental fibroplasia and hyperoxia has been recog­
nized and the condition once believed to have been abolished, its incidence is again believed 
to be increasing (30). Retrolental fibroplasia, however, is a disease of immaturity and will 
not be further considered here. 

Noell (27-29) has described the visual cell death which occurs in the rabbit exposed to HPO, 
and Bresnick (7) has examined the phenomenon by means of electronmicroscopy. After ex­
posure to 100% O2 at 3 atm abs for 4 hr or 1 atm abs for 40-48 hr, the visual cells of the rabbit 
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O2 only* O2 and phenothiazines« O2 only* 
(100% O2 at 1 atm (100% O2 at 1 atm (100% O2 at 1 atm 

20 hr/day) 20 hr/day) continuously) 

Total animals 10 37 7 
Number with focal 2 27 7« 

elevations 
Number progressing to 0 19 2^ 

detachments 
Days to appearance of 6 3 ^ 2 

lesions 
Surviving exposure 80% 75% 100% 

« Beehler and Roberts (5). 
* Yanoff, Nichols, and Miller (in preparation). 
* Bullous detachments. 
^ Complete detachments. 

are destroyed. Visual cell death also may be followed electroretinographically, as described by 
Noell (29) and Bridges (8). Oxygen exposure causes continual depression of the electroretino-
gram (ERG) until it is extinguished. Early in the exposure, the changes in the ERG are 
reversible; but after prolonged exposure, reversibiUty is lost. lodoacetic acid will also abolish 
the ERG and will destroy the visual cells in vivo (27) or in tissue culture systems (13). The 
action of this compound, an inhibitor of glycolysis, suggests that O2 may similarly destroy 
visual cells by blocking the glycolytic sequence required for their survival (14). 

Retinal detachments, described by Beehler et ah (3, 4), occurred in dogs exposed to P02 of 
680 or 760 mmHg for up to 72 hr. All the animals died, and 50% had large retinal detach­
ments. Of another group of animals that were exposed under the same conditions but were 
allowed to breathe air for 1 hr each day, all survived for 85 hr and had large retinal detach­
ments. 

Recently Beehler and Roberts (5) reviewed this earlier work, in which phenothiazines had 
been used for sedation. In these experiments animals were exposed to 1 atm abs for 20 hr /day 
(the remaining 4 hr of exposure being to air). Some of the animals were not sedated, and some 
were given phenothiazine. In the unsedated animals, the incidence of retinal detachment was 
zero, and only 20% of them had focal elevations of the retina. In contrast, 73% of the sedated 
animals had focal elevations of the retina, and approximately 52% of them progressed to reti­
nal detachment. Since phenothiazines are considered to alter the metabolism of the retinal 
epithehal pigment, the authors suggested that phenothiazines, in conjunction with 02-induced 
enzymic alterations, intensify the production of focal retinal elevations, some of which may 
proceed to cause large retinal detachments. Yanoff et al. (unpublished observations), however, 
have observed a higher incidence of retinal detachment than reported by Beehler and Roberts 
without using drugs to influence O2 toxicity. The two series are contrasted in Table II. All the 
dogs in Yanoff^s studies were exposed to 1 atm of O2 continuously for 50 hr and all survived. 
The primary lesion seen in the eyes on autopsy was a choroidal exudation. Sufficient subretinal 

TABLE I I 

OXYGEN-INDUCED RETINAL DETACHMENTS 
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FIG. 4 . Complete exudative retinal detachment seen in a dog's eye after 5 0 hr of breathing 1 0 0 % O2 at 1 atm. 
Arrow points to a remnant of the subretinal exudate. Rent in the retina is an artifact. X 4 . 

fluid accumulated in 12 out of 14 eyes to cause a bullous detachment which was complete in 
one eye from each of two different animals (Fig. 4). These findings indicate that O2 induces a 
change in the permeability of the choroidal blood vessels in dogs, possibly through a toxic 
effect on the endothelium. From the study by Beehler and Roberts, it is apparent that retino-
toxic drugs may increase the incidence of detachments. However, under somewhat different 
conditions the same or higher incidence may be achieved with O2 alone. 

Margolis ei al (21, 22) have reported the occurrence of cytoid bodies in the retinas 
of dogs exposed to 100% O2 at 3.0 atm abs for 4-6 hr. These lesions appeared to be histologically 
similar to the cytoid body that is found in man, where it is believed to be secondary to ar­
teriolar spasm and occlusion (2) and identical to the ^^cotton wool spots^' seen ophthalmoscopi-
cally. No ophthalmoscopic examinations of the dogs are described by these workers, however. 
Development of the lesions in the dog may be prevented by adding 2% CO2 to the O2 inspired 
at 3 atm abs, which should prevent reduction of retinal blood flow. It seems hkely, therefore, 
that these have a vasospastic basis and, as mentioned previously in discussing visual field 
contraction, a lack of nutrient flow may be an essential factor in their development, rather 
than decrease or increase in O2 availabihty. 
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FIG.5.(a) Normal guinea pig lens epithelium. X600.
(b) Guinea pig lens epithelium following 5.5 hr of 100% O2 breathing at 3 atm abs. Note dropping

out of many nuclei and pyknosis of remaining ones. X600.
(c) Guinea pig lens epithelium 2 months after exposure to 100% O2 at 3 atm abs for 5.5 hr. Pyknosis

and nuclear dropout are unchanged from (b). X600.
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Hours 
Flattening of 

corneal endothelium" 
Pyknosis and nuclear 

loss in lens epithelium" Retinal edema 

2 0 0 0 

4 0 + + 0 

5 . 5 + to + + 4 - 4 - 0 

7 + + 0 

8 . 5 + + + + + + + 

' ( + ) More cell changes than in control, but in less than 5 0 % ; ( + + ) alterations in about 5 0 % of cells; ( + + + ) 
alterations in more than 5 0 % of cells. 

Influence of Oxygen on the Cornea and Lens 

Thus far, we have concentrated on changes produced by O2 in the neurosensory tissues of 
the eye. Effects of acute O2 exposure have also been noted in the cornea and lens. Nichols 
et al. (26) have followed the progression of these changes in guinea pigs from the time O2 
exposure was initiated at 3 atm abs until death occurred 7.5-16 hr later (Table III). The 
corneal changes involved the endothelium and consisted of pyknosis of the nucleus with 
condensation of the cytoplasm resulting in flattening of the cells. The earliest changes were 
noted after 5.5 hr of exposure and became progressively greater until death occurred. In con­
trol animals, these changes could not be reproduced by anoxia over the same period or by 
altering fixation techniques (35). These endothelial changes were irreversible, the cells having 
essentially a similar appearance after 2 months in the animals permitted to survive that long. 

The lenticular changes in the guinea pigs consisted of pyknosis and nuclear loss in the 
epithelium. These changes were noted as early as 4 hr after exposure began, and there was 
relatively little progression until death occurred. These changes also could not be produced 
by anoxia and were irreversible since they could be found 2 months after exposure. Figure 5 
contrasts the normal lens of a guinea pig with that of an animal exposed to O2 for 5.5 hr and 
then killed immediately, and with one exposed 5.5 hr and then killed 2 months later. The retinal 
edema as noted in Table III apparently was a terminal event; acute histological changes were 
not present in the retina, except in those animals dying of O2 toxicity. Changes similar to those 
noted in the cornea and lens of the guinea pig could potentially influence human vision on 
chronic or repeated exposure, if corneal edema or cataract formation occurred. 
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TABLE III 

RATE OF DEVELOPMENT OF OCULAR CHANGES WITH 1 0 0 % O2 AT 3 ATM ABS 
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ACUTE OXYGEN TOXICITY IN WORKING MAN 

/. Murray Young 

This investigation was designed to determine the incidence of symptoms of acute O2 toxicity 
in men working to exhaustion in a dry atmosphere while wearing closed-circuit oxygen breath­
ing equipment. It was carried out as a practical trial and not as a basic scientific experiment. 
The main object was to note any symptoms that might occur, and to determine the percentage 
of men who would be incapacitated by O2 toxicity in relation to depth of exposure. 

The investigation arose from a request from the local fire brigade, which has the obhgation 
of entering pressurized workings and tunnels to deal with outbreaks of fire. It was suggested 
that the brigade provide the experimental subjects, and 45 volunteers started the series of 
dives 18 months ago. Thirty-five subjects completed the series, the remainder dropping out 
through lack of interest or medical reasons, or because they were posted away from the area. 
We have now completed 192 dives involving 422 exposures. 

The tests were carried out in a pressure chamber at the Royal Naval Physiological Labora­
tory. They consisted of each subject^s performing a standard exercise routine first at 20 FSW 
(8.9 psig) and then at successive 3-ft increments to a maximum depth of 47 FSW (20.9 psig). 
The chamber can accommodate up to six men comfortably, and in the shallow dives, four 
subjects exercised simultaneously while being closely observed by two attendants who breathed 
the air atmosphere of the chamber. On dives of 29 FSW and deeper, two subjects exercised 
simultaneously; they were accompanied in the chamber by two attendants who, with a re­
corder, kept a continuous log of the proceedings and recorded any signs or symptoms of O2 
toxicity in the subjects. The parameters measured on some subjects were cardiac pulse rate, 
end-tidal Pco2, inspired gas temperature, deep-body temperature, and inspired O2 concen­
tration. 

The subjects wore their normal fire-fighting clothing, which consisted of socks, under­
clothes, trousers, shirt, waterproof trousers or leggings, a thick nonventile jacket, and a pro­
tective helmet. The breathing set was the PROTO Mk IV (Siebe Gorman and Co., Ltd.), 
which was first recommended by Professor J. S. Haldane as a mine rescue apparatus in 1914 
(5). Since then, 12,000 such sets have been produced with only minor modifications, and they 
are at present in use by many rescue organizations in about 20 different countries. 

The reducing valve of the apparatus is set to deliver a constant flow of 2.2 L /min from the 
O2 cyhnder to the breathing bag, which is worn on the chest. Nonreturn valves ensure circu-
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The mean V02 was 

Exercise 1: 2.33 L/min (S.D. ± 0.49) 
Exercise 2: L19 L/min (S.D. db 0.22) 

Results 

INSPIRED OXYGEN CONCENTRATIONS 

The O2 concentration in the inspiratory compartment of the breathing bag was measured 
with a paramagnetic analyzer (Servomex Controls, Ltd., type DCL 83); the sample from the 
bag was first led continuously through the chamber wall and then expanded to normal at­
mospheric pressure. 

The subjects started most dives with a breathing mixture containing about 80% O2 in their 
sets and ended the exercise with about 90%, the increase having been caused by the fact 
that the O2 flow of 2.2 L /min into the set was greater than their overall V02' The mean value 
for all the subjects monitored over the 40-min exercise period on dives of 44 FSW and shal­
lower was 86.6% O2 (dz6.1%). In the experiments at 47 FSW, the subjects were instructed to 
flush O2 through their sets until the initial monitored concentration was at least 85%, and the 
mean O2 concentration at 47 FSW was 89.2% ( ± 3 . 5 % ) . 

MINOR SYMPTOMS OF OXYGEN TOXICITY 

No signs or symptoms attributable to O2 toxicity were observed at either 20 or 23 FSW. 
The first signs appeared in two subjects at the 26-FSW chamber depth (Fig. 1). Two other 

subjects also first exhibited similar symptoms at 26 FSW, but as these subjects were later 
excluded from the investigations for reasons unconnected with O2 toxicity, their results are 

lation of gas from the inspiratory compartment of the breathing bag via corrugated tubing 
to a mouthpiece, and expired air is returned by similar tubing to the expiratory compartment 
of the bag, the subject wearing a noseclip. To return to the inspiratory compartment, expired 
air must pass through a layer of CO2 absorbent that lies loose in the bottom of the bag. A 
sodium phosphate cooler is inserted in the inspiratory pathway to attempt to cope with the 
heat of CO2 absorption. The total weight of the equipment worn by the firemen in this in­
vestigation was 573̂ 2 pounds. 

The standard exercise routine was of 40-min duration and so organized that the subjects 
would be approaching physical exhaustion at its completion. It consisted of: 

1. Two minutes of bending and lifting a 20-lb reel of hose at 12 lifts/min, followed by 1 
min of standing at rest. 

2. Two minutes of marching ^'on the spot'^ at 120 paces/min while carrying the reel of hose, 
followed by 1 min of standing at rest. 

This cycle was repeated six times, and the last 4 min of the routine consisted of continuing 
exercise 1 for as long as possible, changing to exercise 2 when necessary. 

The O2 consumptions (F02) varied among the subjects because a large proportion of the 
workload consisted of the subjects moving their own body weight, but V02 remained constant 
in any one subject. 
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3 8 41 4 4 4 7 C h a m b e r d e p t h 
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FIG. 1. Percentage of subjects showing symptoms of O2 toxicity at chamber depths of 20-47 FSW. Symp­
toms: (H) minor; ( 0 ) major. 

not included in Fig. 1. As the subjects were breathing a mixture containing only 86.6% O2, 
their inspired P02 was equal to that which they would have experienced at 18.1 FSW if they 
had been breathing 100% O2, and I have designated their "oxygen depth" as being 18.1 FSW 
(8.1 psig O2). 

The observed signs were fasciculations and twitches of the small muscles of the face, usually 
circumoral, commonly described by divers as ''the Hps.''* 

At the 29-FSW chamber depth (20.7-FSW O2 depth) nearly 50% of the 35 subjects who 
completed the series of dives showed signs of ''the lips" and at increased depths this figure 
remained of the same order (Table I) . The muscle movements were rarely felt by the sub-

T A B L E I 

INCIDENCE OF SYMPTOMS OF OXYGEN TOXICITY AT CHAMBER DEPTHS OF 20 το 47 FSW 

Chamber depth (FSW) 

20 23 26 29 32 35 38 41 44 47 

No. of subjects 34 35 35 35 35 35 35 33 35 32 
No. with minor symptoms 0 0 2 17 19 16 18 17 14 17 
% with minor symptoms 0 0 5 .7 48.6 54.3 45.7 51.5 51.5 40 .0 53.1 
No. with major symptoms 0 0 0 0 0 2 3 5 10 10 
% with major symptoms 0 0 0 0 0 5 .7 8 .6 15.1 28.6 31.3 
Total no. with symptoms 0 0 2 17 19 18 19 21 20 20 
Total % with symptoms 0 0 5 .7 48.6 54.3 51.5 54.3 63.6 57.1 62.5 

^ Syndrome of circumoral muscle fasciculation and twitching is designated by the author as "the lips.' 
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jects, but were observed primarily by the attendants in the chamber. Movement at the corners 
of the mouth was the most frequent sign, and the second most common was fasciculation of 
the upper lip. Twitches of the cheeks and lower eyelids were also seen, and one subject had 
an intermittent twitching of the platysma. No subject reported twitches in parts of the body 
that could not be observed. 

The phenomenon of '̂ the hps'^ was rarely apparent except during the rest periods in the 
exercise routine. As soon as exercise began again, the generalized increase in muscle tone ap­
parently was sufficient to suppress the small movements. 'The hps^' was typically observed 
during the first rest period at 2 min, and sometimes was apparent during all rest periods from 
then on; but more commonly, it was intermittent in its appearance. No progression in extent 
or severity was observed either with time in any one dive, or between successive dives with 
increased depth. 

No subject ever had the shghtest difficulty in controlling his mouthpiece because of mouth 
twitching, and there was no decrease in exercise capability during the presence of ''the hps'' 
when it was the sole sign of toxicity. All subjects completed the 40-min exercise routine. 

TIME OF DISAPPEARANCE OF "THE LIPS'' 

The interval between a return to air breathing and the disappearance of "the hps" was 
measured on 28 occasions in subjects who exhibited fine fasciculations of the lips at the end 
of the exercise routine. 

While remaining at the dive depth, the subject was returned to chamber-air breathing by 
an attendant unscrewing the inspiratory tubing from the breathing bag while the subject 
retained the mouthpiece. The inspiratory tubing was partially supported to maintain a con­
stant weight on the subject's mouth. 

Signs began to disappear within 5-10 sec of the start of air breathing and faded rapidly 
from their original level of intensity. Occasionally there were small bursts of increased in­
tensity along the decreasing trend fine. Often all signs disappeared within 10-15 sec, but 
momentary signs of twitching at increasing intervals would then reappear. "The hps" was 
considered to have finally disappeared when an occurrence was not followed during the sub­
sequent minute by any further signs. The mean time interval from the resumption of air 
breathing to the final disappearance of signs was 65.7 sec (range: 10-205 sec). 

There was no obvious correlation between the time to disappearance and either the in­
tensity of the previous signs or the depth of exposure. 

MAJOR SYMPTOMS OF OXYGEN TOXICITY 

I have defined major symptoms as those that would tend to endanger a man in an actual 
exposure to increased pressure, remembering that he might be in a cramped environment, 
possibly surrounded by an irrespirable atmosphere, and must be fully aware of his actions 
and surroundings. Under this heading I therefore include severe nausea, dizziness, Hght-
headedness, incoordination, confusion, euphoria, dilatation of the pupils, and convulsions. 
The incidence of these symptoms is shown in Table II. No major symptoms were seen before 
35 FSW (25.9-FSW O2 depth), but their incidence rose markedly thereafter, in contrast to 
the incidence of "the hps" (Fig. 1 and Table I) . Few of these symptoms actually caused the 
subjects to stop work, although their work rate sometimes decreased. The cases of nausea 
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3 5 FSW« 3 8 FSW 4 1 FSW 4 4 FSW 4 7 FSW 

Oxygen Depth 

Symptoms 2 5 . 9 FSW«» 2 8 . 5 FSW 3 1 . 1 FSW 3 3 . 7 FSW 3 6 . 6 FSW 

Incoordination _ _ 1 2 _ 
Light-headedness 1 1 — 1 — 
Dizziness — 1 2 4 6 

Nausea 1 2 3 5 5 

Dilatation of pupils — — — 3 7 

Euphoria — — 1 — — 
Confusion — — — 1 — 
Convulsion — — — 1 1 

Total no. of symptoms 2 4 7 1 7 1 9 

No. of subjects affected 2 3 5 1 0 1 0 

% of subjects affected 5 . 7 8 . 6 1 5 . 1 2 8 . 6 3 1 . 3 

recorded as major were those that occurred early in the exercise routine, that occurred in sub­
jects who had not previously complained of nausea at shallower depths as a result of exhaus­
tion, or that necessitated the subject^s removing his mouthpiece. 

Dilatation of the pupils did not per se affect the operational ability of the subjects. On 
seven occasions when this sign was observed, the subject also had either dizziness or nausea; 
on two occasions, the subject had ''the lips" as well as dilatation of the pupils; and on one 
occasion, the dilatation appeared to be the only unusual finding. This manifestation is in­
cluded among the major symptoms of O2 toxicity because of its late appearance in the series 
and its marked increase in incidence between 44 and 47 FSW. 

The time taken for the disappearance of the major symptoms was not specifically deter­
mined. Apart from the convulsive cases described below, all the subjects reported absence of 
any symptoms when they removed their breathing sets after decompression, which was usually 
about 4 min after the end of the exercise routine and 2 min after leaving depth. If dilatation 
of the pupils had been present, however, it was still apparent after decompression, and the 
pupils required a further 5-10 min to revert to normal. 

CONVULSIONS 

One subject had a grand mal convulsion after 3 8 ^ min of the exercise routine at 44 FSW 
(33.7-FSW O2 depth, 15.0 psig O2). He had exhibited "the lips" manifestation continuously 
since the first rest period at 2 min, and this had become more pronounced at 31 min. How­
ever, the subject continued to work at his normal rate throughout, and felt no symptoms 
whatsoever until about 5 sec before his collapse. He then felt his lips twitching and signalled 

T A B L E I I 

TYPES AND INCIDENCE OF MAJOR SYMPTOMS OF O2 TOXICITY AT CHAMBER DEPTHS OF 3 5 το 4 7 F S W 

Chamber Depth 
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this fact to the attendants; he completed one more lifting movement, and then slowly slid 
to the floor. 

Another subject convulsed after completing a full exercise routine at 47 FSW during which 
he had exhibited "the hps", dizziness, and dilatation of the pupils, but had continued the 
routine with no reduction in his work rate. Two minutes after he had finished the exercise 
routine and was still at depth, his only residual sign was the wide dilatation of the pupils. 
Decompression to 10 FSW at 30 ft /min was uneventful and his condition remained constant. 
After l}/2 min, he was instructed to remove his breathing set and he did so. Twenty seconds 
after the start of air breathing, he was observed to have gross oscillating movements of his 
right forearm; the subject himself saw these a few seconds later and called the attendants. 
He still appeared calm and fully rational; but the movements slowly increased and involved 
his shoulder, and he was assisted as he sKd to the floor. 

Both convulsions followed the normal pattern of a tonic phase succeeded by a clonic phase. 
There was then a gradual but complete recovery, within 90 min in the first case and 30 min 
in the second. 

EXACERBATION OF SYMPTOMS ON DECOMPRESSION 

Decompression was carried out at 60 ft /min on 26 occasions involving 51 subjects who were 
still breathing O2 from their sets; the depth of the dive was between 29 and 38 FSW, and the 
decompression was either to the surface or to 10 FSW. On 12 occasions a distinct exacerbation 
of already existing signs of O2 toxicity was clearly seen by the attendants. 

Decompression was carried out at 30 ft/min on 53 occasions involving 103 subjects who 
were still breathing O2, the decompression being from a dive of 44 or 47 to 10 FSW. A distinct 
exacerbation of signs was seen on 11 of these occasions. 

The exacerbation usually occurred within 5 sec of the start of decompression, and always 
within 10 sec. The intensity of the signs usually diminished rapidly during the decompres­
sion, and all signs had disappeared by the time of arrival at the stop. 

No subject complained of any pulmonary symptoms during or after the decompression. 
One of the subjects who repeatedly showed exacerbation of signs upon decompression was 

the one who had convulsed at 44 FSW, but the other subject who convulsed showed no ex­
acerbation whatever. One subject showed exacerbation of "the lips" on six occasions, but 
never exhibited any major symptoms of O2 toxicity. 

WEIGHT Loss AND BODY TEMPERATURE 

The deep-body temperature was measured with a "radio-pill" (Electronic Instruments, 
Ltd.) in 23 subjects, using an aerial in the chamber and a receiver outside (3). Over the 40-
min exercise period, the mean increase was 1.33°C (Fig. 2). After the end of the exercise the 
temperature continued to rise for about 20 min, reaching a mean maximum of 38.55°C. 

The inspired gas temperature was measured by use of a thermistor (Yellow Springs, type 
409) connected to a Sanborn 760-53 calibrated thermistor bridge, the thermistor being in­
serted into the T-piece of the subjects^ mouthpieces. The mean inspired gas temperature 
reached a maximum of 38°C at the end of the exercise routine. 

The subjects were weighed naked before each dive and again after it, sweat on the skints 
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D u r a t i o n o f e x e r c i s e (m in ) 

FIG. 2. Mean value of deep-body temperature in 23 subjects (dotted line) and of inspired gas temperature 
in 20 subjects (continuous line), plotted against time of exercise routine. 

surface having been first removed with a towel. The mean weight loss over the series of dives 
was 25.8 oz, and there was no significant change in the mean with varying depth. The mean 
weight loss of the subjects whose deep-body temperature was monitored with the "radio-
pill" was not significantly different from the overall mean, and so it is assumed that the mean 
increase in deep-body temperature determined is representative of all subjects in the series. 
Because of the increase in body temperature, all the subjects were flushed and sweating, and 
no rehance could therefore be placed upon facial color or degree of sweating as being signs 
of O2 toxicity. 

CARDIAC PULSE RATE 

Cardiac pulse rate was obtained by hardwire ECG recording using three electrodes (MRC 
silver discs), two positioned on the sternum opposite the second and sixth intercostal spaces 
and a reference electrode positioned over the seventh intercostal space in the left anterior 
axillary line (7). The resulting ECG was displayed on the oscilloscope of a Sanborn Recorder 
and also was coupled to an instantaneous ratemeter (Devices, Ltd., type 2750) to provide a 
constant check on rate and waveform. 

The mean heart rate for six subjects at 26 and 29 FSW is plotted in Fig. 3, and clearly shows 
the reactions of the circulatory system to the alternating periods of rest and different exercise 
levels. The terminal decrease in mean heart rate is caused by two of the subjects reverting to 
the less demanding exercise 2, because they were unable to maintain the last 4-min period of 
exercise 1. 
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FIG. 3. Mean value of cardiac pulse rate in six subjects at 2 6 and 2 9 F S W chamber depth, plotted against 
time of exercise routine. 

Taking the mean heart rate for each minute shown in Fig. 3 as a standard. Fig. 4 shows the 
difference between this standard and the heart rates found at 35 and 47 FSW. A degree of 
relative bradycardia was present at 35 FSW and increased at 47 FSW, being more apparent 
throughout during the rest periods. The apparent terminal reversal of the bradycardia is 

D u r a t i o n o f e x e r c i s e ( m i n ) 

FIG. 4 . Difference in cardiac pulse rate in six subjects between mean value at 2 6 and 2 9 FSW (shown in 
Fig. 3) and mean values at 35 (continuous line) and 4 7 FSW (dotted line), plotted against time of exercise 
routine. 
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caused by the subjects now having become more fit and better able to continue exercise 1 for 
the whole of the last 4 min. 

END-TIDAL PCO2 

The end-tidal P c o 2 ( P A C 0 2 ) was measured from "between the teeth" by continuous sampUng 
through the chamber wall to an infrared analyzer (Beckman Instruments, Model LB 1). 

The CO2 absorption characteristics of the set were found to be good, and rarely did the 
inspired P c o 2 rise above 2 torr. No good evidence was seen of overall CO2 retention in the body. 
During exercise 1, P A c o 2 typically rose to about 50 torr and then decreased to about 44 torr 
during the subsequent rest period. During the following exercise 2, P A c o 2 tended to remain 
steady at about 44 torr and to fall to about 38 torr during the next rest period. 

Discussion 

These investigations attempt to shed hght on one of the "gray areas" in the effects of O2 
on the human organism, and provide some data apphcable to men doing hard work under 
increased pressure but not actually under water. 

It is known that an exposure of 2 hr at 60 FSW at rest in a "dry" chamber produces no 
symptoms of acute O2 toxicity (6). It is also known that hard work decreases O2 tolerance (1), 
and that O2 tolerance while the subject is at rest or doing light work is greater in the "dry" 
chamber than under water in the "wet" chamber. 

In these investigations the overall effect of working appears to be that it decreased the O2 
tolerance in the "dry" chamber to a level comparable with that seen in actual underwater 
dives, the first major symptoms appearing at an O2 depth of 25.9 FSW, whereas the Royal 
Navy's depth limitation for hard work in the sea is 25 FSW on 100% O2. The early appearance 
of the hp-twitching syndrome seems to have been revealed by the fortuitous arrangement 
of rest periods in the exercise routine. 

The exacerbation of symptoms of O2 toxicity upon decompression has been noted many 
times in animal experiments. Cases have also been reported in clinical hyperbaric O2 exposures 
(2). I have collected records of 40 convulsive episodes in patients treated with hyperbaric O2, 
and 16 (40%) of these convulsions occurred during a planned decompression at the end of 
treatment (J. M . Young, unpublished). It has been observed by both the Royal Navy and the 
United States Navy that most convulsive episodes in divers occur either during ascent or on 
the surface. Often divers have ascended because of symptoms occurring at depth, and it is 
not possible to assess the effects of decompression in these cases; but many convulsions have 
occurred in divers who had surfaced for other reasons. Convulsive episodes during decom­
pression have also been observed in the U.S. Navy's O2 tolerance test (4). 

The cause of the exacerbation is uncertain. In these investigations the exacerbation oc­
curred usually within 5 sec, which is a shorter time than probable lung-brain circulation time 
in these subjects. Exacerbation is therefore unlikely to be caused by a change in brain P 0 2 . The 
other events that accompany decompression in a chamber are noise, coohng, air movement, 
and clouding, but exacerbations occurred before the clouding and any perceptible tempera­
ture change. We have never noticed any effect of sudden loud noises on the symptoms of the 
subjects; although we have on a few occasions opened the gas inlets and exhaust simultan-
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eously to provide noise and air movement while the chamber has been maintained at a con­
stant depth, we never managed to produce exacerbations. 
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PART II. OXYGEN. EFFECTS ON CELLS AND SYSTEMS* 

DISCUSSION 

K. E. A. Seemann, Chairman 

Dr. Houlihan: The mechanisms of O2 toxicity discussed in the first session were associated with intra­
cellular processes. In this session we are concerned with mechanisms of O2 toxicity as they affect the whole 
organism. I wish to suggest a mechanism observed to occur in rats, and for which we have evidence to indicate 
a role in man. 

In animals subjected to 4, 5, and 6 atm of HPO for periods of time which will lead to convulsions, there 
occurs a general sympathoadrenal medullary stress response—that is, a marked increase in epinephrine content 
of the urine and plasma, and depletion of norepinephrine of the brain. There also occurs a very high increase in 
the production of adrenal steroids. 

Associated with these two findings, the metabolism of the epinephrine seems to change, undergoing a mode 
of metabolism other than the production of the usual DNA. There results an oxidation of the epinephrine 
and the result is the production of an adrenochrome. 

The animals that have been subjected to very high O2 tensions show signs of the adrenochrome normally 
undergoing further oxidation, with production of melanin. We have been able to extract melanin both from the 
plasma and from the lungs of the exposed animals. In addition, we also find that a peculiar type of hemolysis 
occurs in which, rather than a simple breakdown of red cells and accumulation of hemoglobin, the hemoglobin 
itself undergoes a cleavage and the result is the production of a nonhemoglobin pigment. 

Altshuler has shown that when whole blood is incubated with adrenochrome, one can in this incubation 
procedure get a conversion of an indole, which leads to a soluble melanin, and the production of this non-
hemoglobin type of pigment. What we are proposing here is that the high O2 tensions, along with the tremendous 
increase in catecholamine and high steroid level, lead to the production of an adrenalutin-like indole and that 
this substance probably induces the kinds of reaction that we see in this preconvulsion stage in HPO. 

Chairman Seemann: Are there any questions on this particular subject? 
Cdr. Hoke: If adrenochrome or adrenalutin is produced during O2 poisoning, it would seem that drugs 

like nicotinic acid or vitamin C should inhibit the production. Hoffer and Osmond have described an adreno­
chrome hypothesis of schizophrenia. They postulated that both nicotinic acid and vitamin C inhibited adrena­
lutin formation. Have you tried either one of these two drugs in O2 toxicity? 

Dr. Houlihan: We have tried ascorbic acid, and to get a high enough level to block O2 effects, we actually 
got a degree of hemolysis from the ascorbic acid. We have not tried nicotinic acid. 

Dr. Anderson: I would like to ask Dr. Nichols if he believes that the low arterial CO2 is the primary 
cause of retinal vasoconstriction and his reasons. We have a little difference of opinion, and we might make 
this a subject for discussion. 

Dr. Nichols: We have reviewed the studies that Dr. Lambertsen has done and these studies, which 
primarily dealt with the cerebral blood flow, were the basis for the summary that I showed. Those studies seem 
to agree with the work of Spalter, Nahas, and Len indicating that the amount of vasoconstriction parallels the 
decrease in arterial Pco2 which is seen on O2 breathing. In addition, maintaining the CO2 tension constant 
apparently abolishes the retinal vasoconstriction that is associated with hyperoxia. 

Dr. Anderson: Can you produce vasoconstriction by hypocapnia alone? We have not been able to. 

* Panelists: C. W. Nichols, J. M. Young, B. Anderson, G. D. Blenkarn, R. T . Houlihan. 
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Dr. Nichols: This would suggest that there might be a second factor associated with the production of 
vasoconstriction. However, most of our work suggests hypocapnia is one of the major factors involved in 
producing this. 

Dr. Anderson: DoUery finds that the CO2 level is related to the degree of vasoconstriction, which would 
tend to discount this argument too. 

We have photographs of choroidal and retinal vessels exposed to oxygen in a normal 20-year-old human 
being who had a central choroidal dystrophy. This is a dominant hereditary condition, not the result of an 
inflammation or an external destructive process. 

The effect of O2 on the retinal vessels has been photographed and the retinal vessels are found to be dis­
tinctly constricted, whereas the choroidal vessels appear less affected. The large arteries may not respond as 
much as do the smaller vessels to these high oxygen tensions. 

Dr. Nichols: I have been asked how we can separate the effects of a decrease in delivery of metabolites 
by the blood from the intracellular biochemical effects of HPO. We cannot. Since the studies have been done 
on man, we can only postulate that possibly both of these factors are involved. We have no evidence to suggest 
one or the other as being the most important factor. 

Dr. Anderson: Certainly low blood glucose in the ketotic hypoglycemia syndrome has been associated 
with cataract formation, and initiation of a cataract might be a lens epithelial defect. 

Dr. Saltzman: I would like to confirm the suggestion of Dr. Nichols that the subjects chosen by Hickam 
and Frayser for studies of vascular responses to O2 at 1 atm might have had a higher than average sensitivity 
to O2. The apparent retinal vascular response is not striking at atmospheric pressure and they purposefully 
invested in subjects who responded dramatically. In our later studies at more than 1 atm, the response to 
HPO was dramatic in all individuals, and subjects were selected only on the basis of general good health and 
willingness to be exposed. 

I will make the further suggestion that there is sufficient evidence as regards the anterior (or visible) 
retinal vascular response to O2 to indicate that effects are produced by changes both in CO2 pressure and O2 
pressure, with perhaps the effect of O2 pressure response being more prominent. On the basis of the one indi­
vidual described by Anderson, the posterior retinal or choroidal circulation may correlate more closely in its 
O2 response with observations by Lambertsen and others of O2 effects upon the cerebral circulation. 

Dr. Houlihan: Dr. Nichols, relating to the retinal detachment question you discussed, you made reference 
to a transudate or a secretion which was forcing the retina loose. I want to know if you have any indication 
as to the possible cause and, further, whether it in any way could be similar to what we see in 02-poisoned 
lungs. Rats kept at 1 atm of O2 pressure for 3 days will have as much as 15 ml of transudate in the thoracic 
cavity. 

Dr. Nichols: The retinal detachments that are seen associated with hyperoxia in the dog are really 
secondary detachments. They are secondary to what has gone on in the choroid, and if one examines the 
choroid of these 02-poisoned animals, one finds that the vessels look atypical. There is a large amount of edema 
fluid or exudate between the vessels, and as this leaks through the limiting membrane, it pools subretinally and 
eventually the retina becomes detached. If these animals survive, this fluid resorbs and the retina reattaches. 

These detachments are reminiscent of the retinal detachments that are seen in association with states 
such as toxemia of pregnancy in which, with very high blood pressures, usually on an acute basis, leakage from 
these choroidal vessels occurs and an identical type of detachment results. Several patients who have had 
toxemia of pregnancy with exudative detachments have been studied now with fluorescein angiography at 
New York Hospital and the vessels have been found to be markedly abnormal. Fluorescein does not remain 
within the vascular lumen as it normally does, but large amounts pool in the spaces between the choroidal 
vessels and large amounts pool under the retina. This indicates that there is abnormal permeability in this 
state, and probably such an abnormal permeability also exists in the choroidal vessels exposed to HPO to 
the point of toxicity. 

Most of the vessels of the retina are merely very thin vessels lined with endothelium and with very few 
muscle fibers around them until one gets deep in the choroid. The change in permeability is probably a direct 
effect of O2 on the endothelial cells, since this would be the major barrier to fluid getting out into the choroid. 

Dr. Blenkarn: I think there is some evidence that the choroidal capillary does leak fluorescein normally. 
In fact, in the first phase of fluorescein angiography, the flush that you get is now felt to be the result of a 
slight fluorescein leak, and I think this is merely a matter of degree in terms of this exudated type of detach­
ment. 
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Dr. Craig: Dr. Nichols, Ι wonder if there is any possibility that this retinal detachment might be related 
to the osmotic effects that you could have from O2 in this situation, as suggested by Kylstra? In other words, 
perhaps you have a difference in partial pressure between the vitreous, for instance, and the choroid and thus 
could establish (at least transiently) quite high osmotic pressures. This suggests that if you introduced dogs 
into an O2 atmosphere and increased the P02 much more slowly than usual, you might not get the retinal 
detachment. 

Dr. Lambertsen: I gather that the concept of an osmotic effect of a gas involves the dissolving of large 
numbers of gas molecules in the tissues. This occurs at high pressures when the molecules are inert, such that 
they are not being consumed by the metabolism of the tissues they are dissolved in. However, when tissues 
are exposed to HPO by way of the capillaries, there exists a dynamic state in which O2 delivered by way of 
the capillaries to the tissues is consumed at a massive rate by the cells themselves so that there is a very rapid 
decrease in O2 tension through the tissue from the capillary to the point of metabolic activity. As a result, 
O2 tensions do not rise uniformly high in the tissues and are quite low in much of the tissue mass. 

Dr. Sobel: I would like to point out several matters of interest to those working with O2 effects in humans. 
We are all concerned about the acute effects of hyperoxia, but there are certain "low dose" effects which are 
possible. You are all aware of the free radical theory of O2 toxicity. There is also a free radical theory of aging. 
Because of these two concepts, we have considered whether high O2 tensions might not increase the rate of 
aging, and we have been studying the skin of mice that have been exposed to HPO for long periods of time, 
and making other observations. 

Among the things we did find in the skin (and there were many observations which did not show age 
dependency) was that the fluorescence of collagen increased greatly. Normally, collagen increases at the rate 
of about 1% a year. This is true for collagen and elastin and it is not species-dependent. It is true for man or 
mouse. 

We found that after exposure of mice for three periods of 72 hr a week to 27% O2 in N2, at 45 psig, fluo­
rescence of collagen increased 20%. We have now reproduced this effect in vitro, showing that acid-soluble 
collagen very rapidly develops increased fluorescence. I suggest then that measurement of the extent to which 
an individual has been exposed to the accumulative effect of high O2 tensions could be estimated by measuring 
the fluorescence of collagen or elastin in the skin. 

I do not know whether increased fluorescence of collagen is necessarily a harmful change. Nevertheless, 
this may be a clue to a means for going back in time and determining how long a person has been exposed to 
high O2 tension. 

A second thing we observed which may have applicability to man was that the mice that had come out 
of long periods of exposure to HPO showed a trait which we ascribe to aging phenomena, that is, reduced 
ability to retain recently acquired information, which is a well-known trait of older persons. While we do not 
know if this is reversible yet, it certainly appeared and was evident one week after the last O2 exposure. 

Dr. Schaefer: Dr. Young's studies showed quite a similarity to the original O2 toxicity studies of Donald 
under resting conditions in that experiments were terminated by symptoms related to effects on the CNS. 
This endpoint is quite similar in exercise and under resting conditions. He mentioned in a way that 
the difference in O2 tolerance in a dry chamber and under water would have been somewhat reduced. 

We have done experiments in the wet chamber with a different type of exercise, swimming to exhaustion. 
In our experiments with pure O2 exposure at a depth of 20-40 ft, we found that most of the experiments were 
terminated due to respiratory symptoms: dyspnea, spasm in inspiratory position, or hyperventilation. We 
know there is a different symptomatic effect of O2 in the resting and exercising condition, as well as in the dry 
chamber as compared with under water. 

Dr. Young: The symptoms we found in this series were definitely different in some respects to the ones 
reported earlier. The presence of dyspnea was impossible to determine because the subjects were dyspneic 
from their exhausting exercise anyway. About five or six people regularly complained of inspiratory difficulty. 
One of these has a family history of asthma, although he has never had any symptoms himself. With all of the 
subjects, it was noticeable that they always complained of inspiratory difficulty at a certain temperature of 
inspired gas, which we monitored. In closed-circuit O2 equipment, the cooler is not very efficient and the tem­
perature rose from a normal of about 21°C by the time they finished compressing up to a mean of about 38°C. 
One actually rose to 42°C. Therefore, it was rather hot gas they were breathing by the time they were finished. 
The subjects that complained of inspiratory difficulty always did so when the temperature rose above about 
32°C. 
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Dr. Bühlmann: I can confirm the observations of Dr. Young. We studied the effect of exercise on decom­
pression in 30 different subjects breathing 100% O2 in a dry chamber by mask. Ten began exercise at 2.5 atm 
and three of the ten had symptoms, such as dizziness, beginning during the first minute. Another ten exercising 
in the range between 2.0 and 1.5 atm of inspired O2 had nothing, and none of the 30 showed any symptoms 
in the range between 1 and 1.5 atm. 

The respiratory symptoms came later in the second and third hour of breathing 100% O2—with or without 
exercising made no difference. There were always CNS symptoms during exercise. 

Dr. Segall: Could Dr. Young state how he measured the O2 consumption and whether he was able to 
compare O2 consumption in the same type of work under different pressures while breathing air or breathing O2? 

Dr. Young: The O2 consumption could not be measured in the chamber during the actual experiments. 
Therefore, O2 consumptions were done during air breathing under laboratory conditions using the subject's 
normal equipment and doing the same tasks as later done in the chamber. 

As regards Dr. Bühlmann's study, it was very noticeable on several occasions that he saw no signs of 
any toxicity until an exercising subject went into a convulsion. 

Of the convulsions in my series, one was an "off-effect" convulsion and actually happened at 10 ft after 
the end of the run. In another that occurred at depth, the man was working absolutely normally with no 
apparent subjective ill effects until 5 sec before he convulsed. He then suddenly felt his lips moving, drew this 
to the attention of one of the attendants and continued working until about one second before he took his 
mouthpiece out and collapsed. 

Another case represented a convulsion that occurred long after the initial symptoms of O2 toxicity. It 
was mediated by the exposure to O2 at 47 ft. During that exposure he had dilatation of his pupils, dizziness, 
and lip twitching. As soon as he stopped exercising, the lip twitching and dizziness left, but he still had the 
dilatation of the pupils. We decompressed him at 30 ft a minute from 47 ft down to 10 ft while still breathing 
O2, with no change in his condition whatsoever, and then waited for 2 min at 10 ft. 

We then got him to take his breathing apparatus off. While doing so, he had a mouthful of saliva and 
didn't breathe for the first 9 or 10 sec while we were getting a towel to get rid of the saliva, and he then started 
breathing. About 20 sec after having begun air breathing, he saw (but did not feel) his right arm twitching 
and called the attendants to look at it. He continued perfectly clear mentally until about 2 or 3 sec before 
he collapsed. 

Dr. Behnke: After hearing again of the reactions to O2, not many of us would want to breathe O2 rou­
tinely. However, O2 has been breathed routinely for many years in the decompression of divers and in the 
treatment of divers' bends up to pressures of 2.8 to 3.0 atm without any symptoms. I know of no symptoms 
referable to the eye in man that have occurred as a result of breathing O2 for such practical purposes. I know 
of no pulmonary or other untoward symptoms to have occurred in divers after breathing O2 in this manner. 

To exploit the advantages of O2, we would like to say to tunnel workers (and we would revolutionize 
tunneling if we would do this) that they could breathe oxygen for decompression routinely day after day. 
We cannot now say that. We know that after exposure of animals to HPO there are histopathological 
changes of the CNS which give us great concern. 

Small animals with their high metabolic rate apparently are much more sensitive to O2 than man. We 
use small animals for such studies, but there has not been a single life span experiment that has been run in­
volving O2 exposures, not at toxic levels, but at what we call therapeutic levels or at the levels at which divers 
actually breathe O2. There have been no studies of O2 effects on life span comparable to studies in the field of 
radiation. More important, we do not know the consequences of breathing O2 day after day at what we call 
therapeutic levels—up to pressures of 2}i atm abs or a little higher—for periods of 2-3 hr daily. After a 
period of 10 or 15 years there may be degenerative changes in the CNS. 

Dr. Anderson: We have used therapeutic O2 at 20 psig for treating patients with osteomyelitis and, 
although I cannot attribute the effect to O2, we have had transient myopia (nearsightedness). I believe the 
group in Buffalo has had one patient with a similar finding. The patients become more nearsighted, and several 
weeks later the refraction returns to the normal preexposure level. 

Dr. Glaser: My question concerns the suggested cross-linking theory of aging and the change in plasticity 
of collagen of the eye lens. I believe there have been experiments in which lenses were removed after exposure 
to various atmospheres and stress-strain properties determined. I believe there was a definite change in the 
elasticity of the material. 
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Dr. Anderson: We have observed no irreversible changes in humans. All the changes we have seen have 
returned to normal in the course of several weeks. 

Dr. Lambertsen: It is extremely important to emphasize what Dr. Behnke has stated about the real 
usefulness of HPO, regardless of acute toxicity, and the requirement for obtaining information on chronic 
effects of repetitive exposures over a lifetime. In addition to these circumstances, we must take into account 
the possible adverse effects of continuous, perhaps multilevel, exposures to O2 at relatively low P02 during the 
course of a single period, which may go on over the course of many hours or even many days in a saturation 
diving or decompression situation. 

It has not been determined what is the effect of a continuous exposure to O2 in which O2 pressure is varied 
from a high level to a low, and perhaps back to the high pressure again. 

The general point I am making is that, when one is exposed to HPO over a period of time, a pattern of 
increasing toxic effect upon the lung occurs. 

The CNS influences and other influences of O2 cannot be graded in the quantitative way we have graded 
pulmonary effects. However, these several kinds of damage—to lungs, to brain, and to other tissues—naturally 
are not expected to be the same in degree or in time scale. 

It is important to recognize that residual effects of O2 toxicity may be carried from one phase of an O2 
pressure exposure to another, thereby causing cumulative effects. If one is exposed to O2 at 3 atm for the time 
it takes to produce a 4% decrease in vital capacity and then should go to the lower pressure of 2 atm, he should 
be considered as taking with him an effect of O2 poisoning which he has just incurred at the 3 atm level. If he 
then goes on down to 1 atm and continues to breathe O2, he takes with him a residual effect of O2 poisoning 
equivalent to the rather severe situation which would have occurred if he had breathed O2 continuously at 
1 atm for over a day. 

We are devising curves to predict this accumulating load of continuous acute exposure. However, it is 
not yet possible to define the effects of multiple exposures day after day. 

Chairman Seemann: I couldn't agree more that we need more studies on the chronic effects of O2. 
Dr. Blenkarn: I want to describe some experience that Dr. Saltzman and I have had in assessing the use 

of succinate in protecting against O2 poisoning in the conscious dog. You are aware that most studies of pro­
tection against O2 toxicity have been conducted on small animals such as mice or rats, that the mortality or 
the time to convulsion has been the criterion for assessing effectiveness, and lastly, that the drugs have been 
administered as a bolus and usually intraperitoneally. We have used unanesthetized dogs to determine the 
effect of succinate infusions on preconvulsive and convulsive O2 toxicity at an O2 exposure of 4.3 atm abs. 

Pre convulsed toxicity was manifested as unprovoked general arousal or agitation or as an isolated single 
myoclonic jerk. Control dogs received an intravenous infusion of glucose, while succinate-infused animals 
received a solution of sodium succinate, at dose levels that provide protection to rats when administered by 
the intraperitoneal route. 

We could demonstrate no change in the mean latent period to the onset of either preconvulsive or con­
vulsive O2 toxicity in these awake dogs. The apparent increase in mean latent period to convulsive toxicity 
was not significant, and indeed was associated with gross postexposure neurological morbidity in four of the 
eight animals whose time to general convulsion exceeded the mean of 50 min. Control animals demonstrated 
no gross postictal morbidity. 

In those dogs where the infusion of succinate appeared to delay the onset of convulsions, postexposure 
morbidity was sufficiently severe to preclude the use of succinate as a realistic protectant in this study. 

For such reasons, it would appear that much data applicable to small animals is not readily transferable 
to larger animals. The awake large animal permits collection of much of the desired data (neurological, neuro-
pathological data) in a more realistic setting and should provide a more definitive assessment of protectants 
from O2 toxicity. 



HYDROSTATIC EFFECTS ON CELLULAR FUNCTION 

/. V. Landau 

Hydrostatic pressure has been an extremely useful tool in the analysis of various biological 
phenomena. Hydrostatic pressure experimentation may be considered to fall into two broad 
areas, one concerning morphological and other visibly measurable effects, and another con­
cerning biochemical analysis of the fundamental processes involved. 

The existence of a labile, three-dimensional protein network, or cytoplasmic gel with a 
high degree of potential contractility has long been considered necessary for the maintenance 
of characteristic cell shape and for such fundamental cellular activities as motility and cy­
tokinesis (10). Protoplasmic gels have been shown in general to be endothermic (11) in charac­
ter, involving an increase in volume upon gelation. 

Application of hydrostatic pressure reversibly solates the gel component of living cytoplasm 
by opposing the volume increase accompanying gelation. This solation occurs in a precise, 
predictable pattern; and the degree of solation is directly proportional to the magnitude of 
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FIG. 1. A schematic representation of the sol-gel phenomenon. Note that the sol-to-gel stage is reversible. 
From Landau (3), by permission of the publishers. 

85 



86 J. V. LANDAU 

the pressure apphed at a given temperature over a given time period (10). A schema showing 
the role of the sol-gel equilibrium in the conversion of metabohc energy into mechanical work 
is shown in Fig. 1 (3). Changes in relative gel viscosity have been observed in pressures as 
low as 67 atm (9); but, for the most part, pressure effects are not directly observable below 
about 265 atm at room temperatures. 

Typical examples of the pressure-imposed decrease in "gel strength" are the recession of 
the division furrow (12) and disaggregation of the mitotic apparatus (13) in dividing marine 
eggs, and the cessation of pseudopodial flow in the ameba and that organismos change to a 
spherical shape (8). Disaggregation of microtubular structures has also been observed through 
electron microscopy (16). 

The effect of pressure on the biosynthetic capability of a living organism is presently being 
investigated and will be covered in some detail in this paper. Of immediate concern are the 
following questions: 

1. Do human cells react to pressure in the same manner as do amebas, marine eggs, and 
other single cells? Is "relative gel viscosity" an important factor in the division, motihty, and 
retention of the characteristic shape of these cells? 

2. Are important biochemical processes affected by pressures between 1 and 265 atm? Is 
it possible, in some instances, that the minimum level at which pressure effects become mani­
fest is apparent rather than real because of the particular parameters used to measure such 
effects? In other words, can the relatively small hydrostatic pressure increase brought about 
by the imposition of inert gas pressure in a deep dive situation affect biochemical function? 

The answer to the first question is yes. Cells of human origin respond to pressure in the same 

FIG. 2. (a) A monolayer culture of amnion cells at atmospheric pressure; (b) the same culture after 
20-min exposure to 670 atm at 35°C. From Landau (4), by permission of the publishers. 
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FIG. 3 . "C-Leucin incorporation in Ε . coli during 1 0 min of pressure and temperature variation. From 
Landau ( 5 ) , by permission of the publishers. Copyright 1 9 6 6 by the American Association for the Advancement 
of Science. 

precise, predictable manner that other cells do (4). Figure 2a shows a monolayer culture of 
human amnion cells prior to the application of pressure. Figure 2b shows the same field under 
670-atm pressure. The cells round up as the gel strength decreases to a point below which it 
can no longer counteract tensional forces at the cells^ surface. Within 15 min after release of 
pressure, the culture cannot be distinguished from that shown in Fig. 2a. Although little ef­
fect, if any, can be noted at pressures below 265 atm, there seems little doubt from an extrap­
olation of relative gel viscosity data to 1 atm that the '̂rigidity^^ of the system is decreased by 
25% for each 67-atm increase in pressure (9). 

We have studied (5) the effect of pressure on protein and nucleic acid synthesis in Escherichia 
coli. In general, we found that, depending upon temperature, the apphcation of a specific 
pressure may result in either stimulation or inhibition of ^^C-amino acid incorporation into 
protein. For example: 265 atm stimulates at 37°C, has no measurable effect at 27°C, and in­
hibits at 22°C; whereas 400 atm has no effect at 37°C, and inhibits at lower temperatures 
(Fig. 3). These results are similar to those of experiments involving frequency of cardiac con­
traction (7) and luciferase activity in bacteria (1). The results have been interpreted in the 
following manner: 

1. A primary rate-controlling reaction is postulated, which involves an activated enzyme 
and which is directly involved in protein synthesis; and 
2. There is a reversible thermal inactivation of the enzyme that begins at about 25 to 27°C. 
Both the primary reaction and the enzyme inactivation are inhibited by pressure apphcation, 
enzyme inactivation having the greater sensitivity. 
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FIG. 4. The effect of pressure on i^C-leucine incorporation in E. colt at 22°C. The slope of the line indicates 
the possibiUty of a rate-limiting reaction with a AV* of 100 cmVmole. 

According to this hypothesis, the apphcation of 265 atm at 37°C would have httle sup­
pressive effect on the primary reaction and would, in fact, result in stimulation by making 
available a greater amount of activated enzyme. A pressure of 400 atm at 37°C might also 
result in a greater enzyme supply; but this pressure might also inhibit the primary reaction 
to a greater extent, thus yielding no net change in the rate of reaction. At temperatures below 

T inne 

FIG. 5. The synthesis of /3-galactosidase at 37° C and under various pressures. Note that normal rates 
resume immediately after pressure release. From Landau (6), by permission of the publishers. 
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FIG. 6. The effect of pressure on the induction of /3-galactosidase synthesis. The data indicate that inducer-
repressor complex formation is accompanied by a Δ 7 * of 55 cmVmole. From Landau (6), by permission of the 
publishers. 
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FIG. 8. The data in Fig. 7 at 37°C and additional data at 22°C redrawn as log rate of synthesis vs pressure. 
The slope indicates a AV* of 100 cmVmole. 

25^Cj however, the enzyme would be thermally inactivated, and pressure would directly in­
hibit the primary reaction. Figure 4 shows the data obtained at 22°C. The straight-hne plot 
indicates the possibility of an effect on a rate-limiting reaction with a calculated volume change 
of activation (Δ7*) of 100 cmVmole. If this analysis is correct, it indicates that pressure 
effects exist at all levels, but are not directly measurable at the lower levels. 

To determine which phase of protein synthesis may be affected by pressure, we turned to 
the induced synthesis of a specific and measurable protein, /3-galactosidase (6). Through proper 
experimental manipulation, the induction, transcription, and translation steps involved in 
protein synthesis can be reasonably defined. Pressure effects on /3-galactosidase synthesis are 
shown in Fig. 5. The effect is immediate when pressure is applied, and is instantaneously 
reversible when pressure is released. From the data gathered at pressures above 265 atm— 
where inhibition of synthesis is measurable—one may conclude that the effect is on a rate-
limiting reaction with a Δ 7 * of 100 cmVmole. Under the specific conditions of these experi­
ments, this volume increase of activation can be associated with the translational step of pro­
tein biosynthesis. 

In this system, the production of /3-galactosidase is normally prevented by a repressor mole­
cule which does not allow the genetic information specifically concerning this enzyme to be 
utihzed. When an inducer molecule is introduced, a complex is formed between inducer and 
repressor, thus effectively inactivating the repressor and allowing iö-galactosidase synthesis. 
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FIG. 9. The effect of pressure on the incorporation of i^C-uridine into R N A of HeLa cells at 37°C. 

The effect of pressure on induction, specifically the inducer-repressor complex formation 
(2), was next investigated. Such complex formation was found to have a AV* of 55 cmVmole, 
indicating that a configurational change of the repressor molecule is induced by the small 
apolar inducer molecule when the two form a complex. Of specific interest was the fact that 
the pressure effect could be measured at all levels above 1 atm (Fig. 6). Thus there is direct 
evidence that important biochemical processes may be measurably affected by relatively small 
increases in hydrostatic pressure. 

This question arose: Are these pressure effects unique to bacterial systems? Human HeLa 
cells were readily available, and our experiments were therefore extended to examine the effect 
of pressure on their synthetic capabilities (Landau, in preparation). The incorporation of 
^^C-labeled amino acid into protein was affected in a manner very similar to that found in 
E. coli (Figs. 7 and 8). Once again, a reasonable interpretation of the results, based on the 
reaction rate theory, is that a Δ 7* of 100 cmVmole is associated with the translation step of 
protein synthesis. 

The incorporation of ^^C-uridine into the RNA component of these cells reveals a distinctly 
different pattern from the one observed in E. coli. Inhibition of such incorporation at 37°C is 
indicated at all pressures over 1 atm, and the results yield a bimodal curve (Figs. 9 and 10). 
It is again of particular interest that measurable differences in incorporation can be found at 
relatively low hydrostatic pressure levels. 

Rutberg (14) has shown that a 150-atm pressure applied to lysogenic E, coli for a two-
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FiG. 10. The data in Fig. 9 redrawn to show the effect of pressure on the rate of incorporation. 

minute period can cause phage induction and lysis of the cell. Schoffeniels (15) has reported 
marked changes in potential at 100 atm in experiments with isolated frog skin preparations. 

Although the absolute magnitude of the effects at low pressures is relatively small, it must 
be reahzed that the present experiments involve rather short time periods (minutes). Whether 
the effects reported here would lead to more severe disruptions of cell function if pressure were 
maintained over extended time periods is not known. 

It is now becoming recognized that these questions have considerable practical importance. 
Hydrostatic pressure was once considered a useful tool in biological analysis, but was of little 
concern to physiologists interested in deep-dive technology. It is now evident, however, that 
the effects of relatively low increments of hydrostatic pressure that have been generated by 
increased inert gas pressure merit major consideration by those concerned with the funda­
mental dynamics of Uving cells. 
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EFFECTS OF INERT GAS PRESSURES ON PROTEIN 
STRUCTURE AND FUNCTION 

R, M, Featherstone, S. Hegeman, and W, Settle 

Very little is known about the effects of high pressures on protein structure. Two types of 
pressure can be considered: 

1. Hydrostatic pressure, which is a stabilizing force as evidenced by increased hydrate 
stability and increased aggregation of monomers. Aoki et al. (1) have shown that these ag­
gregations are both irreversible and reversible, depending on the number of monomeric units 
in association and the hydrostatic pressure applied. Extremely high hydrostatic pressures 
will denature protein much in the same way that heat denatures protein. 

2. Gas pressure. Since gas is compressible, an increase in gas pressure can be considered an 
increase in the number of molecules per unit volume, i.e., an increase in concentration. 

When an increased gas pressure is applied to a protein, the concentration of the gas in the 
protein is increased. In addition, there is a hydrostatic pressure increase. Hydrostatic effects 
on protein are observed only at high pressures, whereas the effect of increasing gas concen­
tration is observed at much lower pressures. 

It is usually assumed that functional changes in a protein indicate structural change. By 
structural changes are meant alterations in the protein ranging from conformational changes 
to those occurring on a subatomic level. In only a very few instances have changes in protein 
structure been directly determined. They are usually inferred by observing changes in function. 

The concept of conformational change is famiUar to everyone, but one must hesitate to 
ascribe this system to all proteins. Studies on myoglobin-CO binding in the presence of Xe 
indicate that the change in the protein structure is probably subatomic, rather than being an 
alteration in recognizable tertiary structure. 

Several studies have been made on the effect of increasing gas pressures on protein function. 
Table I, taken from work done in our department by A.J. Trevor (6), shows the effect of the 
increasing pressure of N2 and cyclopropane on rat cerebral cortex ATPase. Note that with in­
creasing N2 pressures, ATPase activity is stimulated, whereas cyclopropane under similar 

9 5 
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Pressure (psi) Nitrogen Cyclopropane 

Atmospheric 79 
20 100 72 
40 114 53 
60 — 45 
80 132 31 

« The numbers represent the mean of five experiments. ATP was measured by orthophosphate release follow­
ing exposure of the enzyme to the gases at varying pressures at 25°C. 

pressures inhibits ATPase activity. This illustrates two points : 

1. Increasing the pressure of gases can change the function of a protein. 
2. The chemical-physical nature of the gas molecule is important, for it determines what 

kind of functional change will take place in a protein. 

Table II shows that a wide variety of inert and other gases change protein function; the 
effectiveness of the gases is determined by their chemical-physical properties (5). 

How does the gas-protein interaction cause a change in function? This question is currently 
being studied in our laboratory through the use of Xe-myoglobin-CO model system. Figure 
1 is a picture of a model of the heme region of myoglobin showing the position of the Xe atom 
located by X-ray diffraction. Schoenborn and Nobbs (4) have shown that, in the presence 
of Xe, the myoglobin molecule is not altered at a level observable by X-ray diffraction tech-

TABLE I I 

EFFECT OF 3 0 . 4 ATM OF VARIOUS GASES ON PROTEIN FUNCTION ( 5 ) 

( G A S ATMOSPHERES A R E SUPERIMPOSED ON 1 ATM OF A I R ) » 

Gas Tyrosinase (% control activity) 

None 1 0 0 
Helium 8 4 
Neon 7 0 
Argon 6 8 
Nitrogen 6 0 
Nitrous oxide 3 7 

« There are at least five observations for each gas. Tyrosinase ( 1 . 1 0 . 3 : 1 ) was obtained from Sigma Chemical 
Company. Activity, as measured by an increase in absorption at 2 8 0 mM, was determined at 2 5 ° C . 

TABLE I 

EFFECT OF INCREASING PRESSURE ON A T P A S E ACTIVITY OF R A T CEREBRAL CORTEX (6)° 

% of Control A T P A S E Activity 
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FIG. 1. Photograph of a model showing the location of xenon ( Τ ) near the heme group of a myoglobin 
molecule. 
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FIG. 2 . Sperm whale myoglobin was equilibrated with either Xe or N2 at 1 atm, and the percent saturation 
was determined spectrophotometrically as aliquots of CO2 were added. ( O ) , N2; ( + ) , Xe. 

ñiques. However, Fig. 2 shows that the presence of Xe does alter the functioning of the myo­
globin, as evidenced by the shift of the CO-binding equilibrium. This evidence leads us to a 
consideration of very subtle structural changes at a submolecular level. 

The location of the Xe site as shown by X-ray studies could account for subtle changes 
in the electron configuration of the heme, which would lead directly to an alteration of the 
CO binding. Any electron shift must be very small since changes in the heme spectrum are 
not noted. 

Work done by Keyes (3) indicates that there is more than one atom of Xe involved in the 
functional change. Keyes proposed that three or four Xe atoms are involved, all binding to 
specific sites. The position of the additional sites must be near the surface of the molecule 
because of the lack of suitable cavities within the protein. Keyes proposed that the Xe binding 
occurs at points that cause subtle rearrangement of the entire molecule. The possibiUty of a 
competitive inhibition with CO at the heme, or a binding of Xe with the residue side chains 
around the heme region, has yet to be entirely excluded. Wishnia and Finder (7) have pointed 
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FIG. 3 . Amino acids that singly overcome Xe and cyclopropane inhibition of anaerobic growth in E. coli. 
The amino acids were added singly to tubes of mineral broth containing (NH4)2S04, trace metals, phosphate 
buffer pH 6 .8 , glucose, and exponentially growing cells. The tubes were placed under cyclopropane, N2, or 
Xe. After 2 4 hr, qualitative estimates were made of the amount of growth. 
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T A B L E III 

EFFECT OF X E N O N AND CYCLOPROPANE ON SUCCINIC DEHYDROGENASE, N A D H OXIDASE, 

AND LACTIC DEHYDROGENASE OF M U T A N T AND PARENT E. coli Kn 3000° 

% of Control % of Control 
activity succinic % of Control activity activity lactic 

Strain Gas dehydrogenase N A D H oxidase dehydrogenase 

Parent Xenon 83 ± 5 85 db 5 100 ± 3 
ΛΓ = 6 
Mutant Xenon 150 ± 5 131 ± 5 100 ± 3 
ΛΓ = 6 
Parent Cyclopropane 79 dz 5 81 ± 5 100 ± 3 
ΛΓ = 6 
Mutant Cyclopropane 143 ± 5 127 ± 5 100 ± 3 
AT = 6 

° Succinic dehydrogenase and N A D H oxidase were prepared as membrane fragments of E. coli. Lactic 
dehydrogenase was obtained from the soluble fraction. Lactic dehydrogenase and N A D H oxidase are 
assayed by following changes in absorbance at 340 ταμ. The succinic dehydrogenase assay employs a 
substrate-dependent reduction of a blue dye (2, 6-dichlorophenolindophenol) to its colorless form. 

out that even the possibihty of a gas-hydrate type of interaction at the protein surface has 
not been wholly excluded in producing apparent binding sites. 

At present we may draw two tentative conclusions: Only subtle changes in the molecular 
configuration are required for observable functional changes, and Xe appears to be binding 
to specific sites on the protein. 

Are all proteins equally susceptible to functional changes by gases? Studies on the whole 
cell in our laboratory (2) indicate that there is a high degree of specificity of effect. Xenon and 
cyclopropane cause a reversible inhibition of aerobic and anaerobic growth of Escherichia coli 
when grown on a mineral-glucose or succinate medium (Fig. 3). The three structurally and 
biochemically unrelated amino acids shown in Fig. 3 singly overcome this inhibition, which 
indicates that on a physiological level, at least, the gas effect is specific. Perhaps the best evi­
dence we have that there are only one or two cyclopropane- or Xe-sensitive sites in the cell 
is the isolation of a mutant that is capable of growth at otherwise lethal concentrations of 
cyclopropane. A cell can only survive one or two simultaneous mutations. According to the 
one gene-one protein concept, only one or two proteins will be altered unless, of course, a 
control gene is mutated. Then a few more proteins (up to six or seven) may be changed. A 
comparison of the parent and mutant enzymes is being made in our laboratories to determine 
the proteins that are the most sensitive to Xe and cyclopropane. Table III is an example of 
the kind of investigation under way. 

Succinic dehydrogenase and NADH oxidase, both membrane-bound metalloflavoproteins, 
are stimulated in the mutant and inhibited in the parent. Whether this class of protein is the 
principal site in the cell that is sensitive to the gases remains to be shown. 

In summary: 

1. High gas pressures alter the function of a protein, the degree and the nature of the al­
teration depending on the physical-chemical properties of the gas rather than on pressure 
per se. 
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2, Gas binding to a protein is specific. It is not known whether the internal binding sites 
or the external ones cause the functional changes. 

3, Proteins have vastly different susceptibilities to functional alterations by gases. In the 
whole cell, usually one protein (or, at most, ten) is susceptible to gases under pressure. In­
hibition of any of these proteins probably accounts for the physiological effects caused by gases 
under high pressure. 
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EFFECTS OF HYDROSTATIC PRESSURE ON MAMMALS 

M. / . Lever, K. W. Miller, W. D. M. Paton, W. B. Streett, and E. B. Smith 

The extent to which exposure to high hydrostatic pressures may hmit man's underwater 
activities is as yet uncertain. The problem can be summarized in the form of three questions, 
one of which can be readily answered. The remaining two are the subject of much current 
research. 

1. Does hydrostatic pressure affect animals deleteriously? 
2. Do the narcotic effects of the gases breathed by mammals always make themselves felt 

before the effects of hydrostatic pressure do? 
3. Can the effects of hydrostatic pressure on mammals be alleviated? 

To answer the first question, we need only consider the results obtained when aquatic or 
amphibious animals are exposed to high hydrostatic pressures in the absence of potentially 
narcotic gases. 

Effects of Hydrostatic Pressure 

The effects of hydrostatic pressure on a wide range of biological systems have been the sub­
ject of extensive investigations. As early as 1884 Regnard (11) initiated a series of studies, 
the main conclusion of which was that hydrostatic pressures in the range of 200-300 atm can 
cause animals' muscles to lose their excitability, leading to a rigid paralytic state. Higher 
pressures (^400 atm) proved lethal. Even greater pressure was required to inactivate simpler 
organisms. Research undertaken since that time has confirmed and extended these conclusions. 
The effect of pressure on nerve cells is to stimulate at pressures below 200-300 atm (3). At 
greater pressures the height of the action potential is reduced and the duration is extended. 

These effects of hydrostatic pressure have recently been reviewed comprehensively (4). 
The inference is quite clear: hydrostatic pressure inactivates aquatic animals at pressures at 
levels of 200-300 atm, and its effects are fatal at about 400 atm. 

Mammals Exposed to High Hydrostatic Pressures 

The ^'pressure barrier'' for non-gas-breathing animals is approximately 300 atm. The bar­
rier in the case of mammals is not so recognizable, as it is not always easy to distinguish be-

101 
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T A B L E I 

EXPERIMENTS EXPOSING M I C E TO PRESSURES GREATER THAN 100 ATM« 

Maximum Approx. Onset pressure (atm) for 

Worker 
Number of 

animals 
pressure 
(atm) 

time to 
100 atm Tremors Convulsions Death 

Maclnnis 16 107 3hr 75-80 

et al. (7) 24 122 3hr 

Brauer 11 102 1 ]4-2 hr 60-70 90 — 

et al. (2) 12 116 1 Ĵ -2 hr 60-70 109 — 

Miller 6 115 5 min 80 110 — 
et al. (10) 4 140 ^ h r 55-80 110 126-143 

Brauer 12 116 1 hr 60-70 109 — 

et al. (2) 8 129 1 ]4-2 hr 65-75 129 

Miller 1 136 ^ h r 82 — 136 

et al. (10) 1 125 Ĵ hr 90 — — 

Comments 

Mice 
recovered 
after 4 hr at 
pressure 

H2 
75% He, 
24% N2 

Ne 
He/NaO 

All experiments carried out at 30-32°C with 02-He mixtures unless otherwise stated. 

tween the effects of pressure per se and the narcotic effects of the gases breathed. Certainly 
when animals are exposed to high pressures of N2, no effects are observed other than narcosis, 
which occurs at approximately 35-40 atm (9). It is probable that only three gases are suitable 
for studies of the effects of higher pressures: He, H2, and Ne. There is now evidence that with 
He and Ne, the effects of pressure make themselves felt before narcosis sets in, whereas with 
H2, pressure and narcotic effects appear to occur almost simultaneously. 

Membery and Link (8) exposed mice to He -02 mixtures in the pressure range of 60-90 atm 
for up to 13 hr. They observed no adverse reactions, and the occasional deaths that did occur 
were attributed to hypoxia or decompression sickness. They noted that the mice shivered if 
the temperature of the chamber fell below 32°C. Maclnnis et al. (7) exposed mice to pressures 
of 122 atm for 4 hr. (Table I). The rate of compression was less than 1 atm/min (somewhat 
slower than the rate used by Membery and Link). The mice appeared normal until pressures 
of 75-80 atm were reached, at which point slight tremors occurred. At higher pressures the 
tremors became coarse and persistent, and appeared to involve the whole body. The tremors 
ceased after 1 hr at pressure. At pressures above about 90 atm, the animals appeared to have 
some difficulty in breathing. Mice surviving the decompression procedure Uved for several 
months. 

Brauer et al (1) showed that rhesus monkeys underwent convulsions of the grand mal 
type when pressures reached approximately 50 atm in both He -02 and H2-O2 breathing at­
mospheres. The pressures required to produce convulsions were marginally higher for H2-
O2 mixtures and, in contrast to the animals breathing He-02, only half the monkeys convulsed. 
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FIG. 1. Three compression schedules for mice, (a) Brauer et al. ( 2 ) (fast); (6) Brauer et al. ( 2 ) (normal); 
(c) Macinnis et al. ( 7 ) . ( O ) Mean pressure at onset of tremors; ( Δ ) onset of convulsions; ( ΐ ) marks point at 
which tremors ceased. The pressure-time curves illustrated are schematic only. 

Brauer and his co-workers extended these studies to mice (1, 2). Tremors began at about 
60 atm, and convulsions were observed in all animals by 102 atm. Convulsions were not 
reported by Macinnis et al. The differences do not appear attributable to the somewhat faster 
compression rates used by Brauer in most of his experiments; it was therefore concluded that 
the discrepancies were due to the difference in the strains of mice used. The approximate 
compression schedules used by these workers are illustrated in Fig. 1. 

Miller et al. (10), making a comparative study of Itahan great newts and mice, attempted 
to confirm unequivocally the effects of the atmospheric environment under pressure. They 
first showed that the sensitivity of the mice and newts to anesthetics (N2 and N2O) at 30°C 
was comparable. The newts were shown to lose responsiveness between 165 and 245 atm, 
whether pressure was applied hydrostatically or by use of He or Ne. At pressures up to 125 
atm, Ne (in one experiment only) and He failed to anesthetize mice; but at shghtly higher 
pressures (135-145 atm) the effects were lethal. Within 5 min of reaching these pressures, the 
animals passed through a phase of prostration and respiratory difficulty to death. At pressures 
above 100 atm, distinct tremors were observed. It was concluded from these experiments that 
the effects of hydrostatic pressure appear both in newts and mice at pressures below those 
at which anesthesia occurs with He and Ne. The compression rates in this investigation were 
faster and the exposure times shorter than those used in the studies described in the preceding 
paragraphs. 

In investigating the effects of pressure on mice breathing oxygenated hquids, Kylstra (6) 
observed tremors at 34 atm. At higher pressures ( ^70 atm) temporary cessation of breathing, 
caused by generalized muscular contraction, was observed. In other experiments, mice showed 
no apparent distress at 100 atm pressure, and in some animals ^^rhythmical respiratory move­
ments of the chest'' were evident at pressures as high as 160 atm. 
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FIG. 2. Fast compression schedules for mice, (a) Chamber temperature, 30°C; (b) chamber temperature, 
23°C. Oxygen tension, 1 atm. ( O ) Onset of tremors; ( Δ ) onset of convulsions; (Η-) death; ( 0 ) death of 
animals treated with pentobarbital. 

Although the results of all these animal experiments are not entirely consistent, the main 
conclusions are clear. The effects of high pressure are fourfold: 

1, Uncoordinated tremors [^^asciculation,^' as described by Brauer et al, (2)]. These have been 
observed by all workers except Membery and Link (8). The onset appears to be at pressures 
of 70 atm it 10. There is some evidence that the tremors are dependent upon the rate of 
compression, although it is far from conclusive; and that the symptoms appear to remit after 
30-60 min. 

2, Convulsions. These have been most clearly observed by Brauer et al,, although the ex­
periments of Miller et al, (10) did produce convulsions in a number of cases. The effect may 
depend upon the strain of mice used. 

3, Respiratory distress. As Maclnnis et al, (7) observed at pressures above 90 atm, the 
respiratory rate decreased and movement of the chest wall became obvious. Mouth breathing 
and gasping were observed. To what extent these effects were due to the increased density 
of the atmosphere or were caused by the effects of pressure on muscular activity cannot be 
stated. 

4, Paralysis, Newts in the pressure range of 165-245 atm lost all spontaneous movements 
and frequently took up contorted postures. Spontaneous movement returned upon reduction 
of the pressure (10). Whether this paralysis was due to the effect of pressure on the nervous 
system or to pressure directly on the muscles is not known. In many experiments with mice, 
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FIG. 3. Medium rate compression schedules for mice, (a) Chamber temperature, 30°C; (b) chamber 
temperature, 23°C. Oxygen tension, 1 atm. Symbols are the same as those in Fig. 2, except that φ means 
death of animals in an anesthetic pressure of N2. 

the tremors and convulsions appeared to fade at higher pressures and most activity had ceased 
before death, suggesting paralysis. 

The degree to which these symptoms depend upon the conditions of the particular experi­
ment has been the subject of only a few isolated investigations. In general, it has been as-

2 0 0 

look 

T i m e ( h o u r s ) 

FIG. 4 . Slow compression schedule for mice. Chamber temperature, 30°C; O2 tension, 1 atm. Symbols are 
the same as those in Fig. 2. 
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T A B L E II 

EXPERIMENTS EXPOSING M I C E TO PRESSURES GREATER T H A N 1 0 0 ATM 

(All experiments in 02-He mixtures (P02 1 atm), unless otherwise stated) 

No. of 
animals 

Max. 
Approx. 
time to 
1 0 0 atm 

(hr) 

Onset pressure (atm) for 
No. of 

animals 
pressure 

(atm) 

Approx. 
time to 
1 0 0 atm 

(hr) Tremors Convulsions Death Comments 

3 1 5 0 0 . 2 3 5 - 5 0 7 0 - 8 0 1 2 0 - 1 5 0 3 0 ° C 

6 1 6 0 1 . 7 6 0 - 1 1 0 9 0 - 1 0 0 1 1 0 - 1 3 0 3 0 ° C 

3 1 6 0 2 . 0 6 8 - 7 5 1 0 0 - 1 2 0 1 1 0 - 1 6 0 3 0 ° C 

2 1 6 5 3 . 0 8 5 1 1 2 1 0 4 and 1 6 5 3 0 ° C 

2 1 0 5 1 . 2 6 0 1 0 5 1 0 5 2 5 ° C 

4 2 0 0 0 . 1 - 0 . 5 4 0 - 5 4 7 0 - 1 1 0 1 9 0 - 2 0 5 2 2 ° C 

2 1 5 0 0 . 5 4 0 - 5 0 9 0 - 1 0 0 1 5 0 2 2 ° C 

2 1 5 0 1 . 7 5 0 - 6 0 1 0 5 - 1 1 5 1 3 0 - 1 4 5 2 2 ° C 

4 2 5 0 0 . 1 - 0 . 5 — — 1 7 0 - 2 4 0 Nembutal** 3 0 ° C 

2 2 0 0 0 . 1 - 0 . 5 — — 0 / 2 at 2 0 0 Nembutal" 3 0 ° C 

2 2 0 0 1 . 1 — — 1 8 4 and 2 0 0 Nembutal** 3 0 ° C 

2 3 0 0 0 . 1 - 0 . 5 — — 2 / 2 at 3 0 0 Nembutal** 2 2 ° C 

5 1 3 6 0 . 2 — — 0 / 5 at 1 3 6 Nembutal** 2 2 ° C 

2 2 1 4 1 . 2 — — 1 9 0 and 2 1 4 ^ Nembutal* 2 2 ° C 

1 5 1 3 6 0 . 5 — — 3 / 1 5 at 1 3 6 N2O** 3 0 ° C 

5 1 3 6 0 . 5 — — 5 / 5 at 1 3 6 AT** 3 0 ° C 

2 1 7 0 1 . 2 — — 1 6 0 - 1 7 0 N2- 3 0 ° C 

2 2 0 6 2 . 0 — — 1 2 0 and 2 0 6 N2- 3 0 ° C 

« Anesthetic doses given. 
^ Animals cooled only when above 1 2 0 atm. 

sumed that the adverse symptoms are reduced by maintaining fairly low O2 tensions (<0.5 
atm) and by utiHzing slow compression, although neither of these suppositions was confirmed 
by Brauer's experiments. However, the range over which these O2 tensions and rates of com­
pression were varied may not have been sufficiently large to produce significant effects. 

The results of our investigations (Figs. 2-4; Table II), in which the compression rates were 
varied by a factor of 10, suggest that the benefits of a slower compression are at best marginal 
in experiments carried out at room temperature. A preliminary study of the effect of tempera­
ture on animals exposed to high pressures did not produce statistically significant results. 
There is some evidence, however, that heat loss from the body is accelerated by high He 
pressures, and shivering has been reported by Membery and Link (8) when the chamber 
temperature fell below 32°C. In contrast to their observations, we have noted that death oc­
curred at marginally higher pressures in mice when they were treated in vessels maintained 
at room temperature than when they were kept in vessels at 30°C temperature. 
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Drugs and High Hydrostatic Pressures 

As the answers to our first two questions indicate that direct effects of hydrostatic pres­
sure may produce harmful symptoms in mammals, it is necessary to consider how far these 
symptoms may be alleviated by such means as drugs. 

The most important early observation concerning the effects of drugs in modifying the 
response of organisms to hydrostatic pressure was that of Johnson and Flagler (5). They noted 
that applying pressure could restore the luminosity of luminous bacteria that had been ex­
posed to an anesthetic agent; they then tried a similar experiment using tadpoles narcotized 
with alcohol. The effect of 2-5% alcohol was to narcotize the tadpoles so that they stopped 
swimming and fell to the bottom of the vessel. If a pressure of 130-300 atm was then applied, 
the animals resumed swimming. (The effect of pressure on unnarcotized animals was in­
creased activity at 130 atm, followed by paralysis at about 300 atm.) Similar results occurred 
when animals were anesthetized with urethane; but pressure did not remove the effects of 
amyl carbamate. 

In an attempt to see how far general anesthetics and other drugs can modify the effects 
of pressure on other animals, we initiated a study using newts and mice. In the case of newts, 
the results were clear-cut. Narcosis produced not only with a general anesthetic (halothane) 
but also with pentobarbital (Nembutal) could be instantaneously reversed by the apphcation 
of hydrostatic pressures of between 100 and 200 atm. Furthermore, newts treated with pento­
barbital remained active to much higher pressures than the untreated animals. In one case 
the righting reflex remained to over 300 atm (9990 FSW) although the animals exhibited 
abnormal muscular contractions at that pressure. 

Experiments were performed on mice anesthetized with pentobarbital or N2O. There was 
uncertainty about the results when pentobarbital was used, because the time course of the 
experiment approximated the time required for the control animals to recover from the an­
esthetic. At room temperature the righting reflex was restored between 70 and 100 atm after 
about 40 min. The three control animals recovered their righting reflex after 80, 80, and 60 
min. We also noted the tremors that have been observed in untreated animals by other workers, 
but in this instance they appeared to start at lower pressures and to continue to higher pres­
sures. However, the lethal pressures for mice treated with pentobarbital were raised. In two 
experiments in which the chamber was kept at room temperature, deaths of anesthetized 
animals occurred at 300 atm. At 30°C, death occurred in anesthetized mice between 160 and 
240 atm, compared with 120 to 150 atm in unanesthetized animals (Fig. 2; Table II). 

All these prehminary experiments were carried out with rapid compression rates and in 
small chambers. We have initiated a further series of experiments using a new high pressure 
chamber. The results obtained to date confirm our earlier observations. With compression 
times to maximum pressure as long as 4 and even 10 hr, death in animals that received no 
drugs occurred between 155 and 165 atm (5100 and 5450 FSW), while the lethal limit was 
raised to as high as 215 atm (7100 FSW) by the use of anesthetics (Figs. 3 and 4). 

Outlook for Man 

Diving below 600 FSW on 02-He breathing mixtures has resulted in tremors in man. How­
ever, there is evidence that with slow compression rates and with strict control of O2 tension, 
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these tremors can be considerably alleviated, if not entirely eliminated. Recent reports of 4­
hr dives to 1150 FSW (P. B. Bennett, private communication) suggest that the safe depth
limit for man has not yet been reached. The animal experiments reported here suggest that at
somewhat greater pressures severe problems will be encountered. A superficial examination of
these experiments further suggests that this "pressure barrier" for man may exist at depths as
shallow as 1500 FSW to 2000 FSW, since mice can develop severe tremors at these pressures.
However, as long as the factors that determine the severity of animals' response to high pres­
sures have not been critically evaluated, no reliable estimate of this limit can be made.

It is possible, however, that the apparent antagonism between anesthetic agents and high
hydrostatic pressures may be important. Thus the addition of some N2to 02-He mixtures at
high pressures may prove beneficial. More extensive experimentation with animals is neces­
sary before the potential and safety of such practices can be fully evaluated. A more detailed
investigation of the effects of varying O2 tension, compression rates, and temperature, to­
gether with a study of the influence of drugs on the condition of animals at high pressure, is
at present in progress.
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PART III. PHYSICAL EFFECTS OF PRESSURE AND GASES* 

DISCUSSION 

R. M . Featherstone, Chairman 

Chairman Featherstone: I will call first on Dr. Fenn. 
Dr. Fenn: I have one point to add about the activities of Xe and its entrance into special places in myo­

globin. I have been measuring the volume changes in hemoglobin which occur when O2 goes into hemoglobin. 
I find that the volume does not increase at all, so the O2 seems to find places within the hemoglobin molecule 
which are really vacuums in among the other molecules. 

Dr. Zimmerman: I will comment on Dr. Landau's presentation and add some facts from our own lab­
oratory that complement his story concerning the effects of high hydrostatic pressure. 

First, hydrostatic pressures in the range of 3000-6000 psi, or from 200-400 atm, at short pulses, for 1 
or 2 min, will cause definite structural alteration. This structural disorganization is difficult to see with the 
light microscope, but with the electron microscope effects on microtubule formation are seen. Microtubules 
become disorganized. There are structural effects in the nucleus. We can relate these structural effects in the 
electron microscope with physiological effects. 

These physiological effects may not be seen immediately; but if we record the time that certain cells 
take to divide, we see that the division time is delayed. We can also relate these very short pulses of pressure, 
as Dr. Landau has shown, to the biochemical sequence of events. We know that DNA is reduced. We know 
that RNA synthesis is affected and, of course, the associated protein synthesis is affected. Recently, we have 
been studying the effects of pressure on messenger RNA, or the heterogeneous high molecular RNA (as we 
prefer to call it). We can show that, with very short pulses of pressure, we are indeed affecting the cell's ability 
to synthesize these messages. 

One other comment is appropriate here, and that relates to the microtubules that we know are found in 
various nerve tissues. If pressure disorganizes microtubules, perhaps many of the effects that have been dis­
cussed and many of the effects of high pressure on the complete CNS may indeed be related to a disorganization 
of microtubules in human tissue. This is not necessarily true, but perhaps this might be a limitation to extensive 
deep dives in the future. 

Chairman Featherstone: Dr. Doebbler, you might comment further about your high pressure work 
with inert gases. 

Dr. Doebbler: Accumulating numbers of observations now indicate that there are relatively simple 
biological systems ranging down to well-characterized macromolecules in which biologically significant separate 
effects of pressure and gases have been defined. However, it must be recognized that at high pressure gases 
dissolve in the liquid or the solvent phase of the biological systems and have effects on the liquid and thus on 
biological functions. 

Certainly one cannot ignore water; and in all biological systems the most important component is water. 
Physical chemists and structural chemists have no agreement yet as to what a liquid actually is, much less 
what water is. The final resolution of the importance of what pressure and the high concentrations of gases in 
water do to the structure of water will depend on more complete understanding of normal water structure. 
But certainly the structure of water is dependent on temperature and pressure and is going to be dependent 
on almost any solute that one dissolves in it. 

* Panelists: J. V. Landau, E. B. Smith, W. 0 . Fenn, G. F. Doebbler, B. Chance, A. M. Zimmerman. 
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In our investigations of the effects of gases on enzyme reactions, the possible importance of the effect of 
gases on the structure of the solvent was more evident when, instead of looking only at partial pressures of gas, 
one looks at the concentration of gas in a tissue. On this basis we have examined six or seven different isolated 
enzyme reactions, all of which have been quantitatively inhibited by heavy inert gases at pressures well below 
100 atm. The effect has been dependent upon the nature of the gas rather than on the particular pressure used. 
We therefore have come to the conclusion that for 20 or 30% inhibition of isolated enzymes, the ratio between 
the number of molecules of the inert gas (e.g., Xe) and the enzyme molecules whose catalytic reaction we are 
studying is something like 50,000 to 1. 

This raises a very interesting question because, in any other type of inhibition in which 50,000 molecules 
of an inhibitor are present for each molecule of an enzyme being inhibited, one would certainly have to consider 
what other effects this large amount of inhibitor would have by mass action in addition to a direct effect on 
the molecule. 

In addition, these gases may in a biologically significant way modify the properties of the solvent in which 
the enzyme is functioning. So we have to consider that, where we are dealing with gases at high pressures, we 
may have significant concentrations of gas molecules in isolated enzyme systems within biological cells. The 
gases could affect the physical chemistry of the water as well, having specific effects involving interaction of 
the molecules. 

At the last underwater symposium three years ago, we hypothesized that perhaps interactions of inert 
gases, at least the heavy ones such as Kr and Xe, might actually undergo chemical interactions other than 
van der Waal interactions in macromolecules. From the relation between biological responses in microorganisms 
and the ionization potentials of these heavy gases, we hypothesized that perhaps charge transfer complexes 
could exist. At that time we mentioned that possibly some of the coenzymes, such as riboflavin containing 
coenzymes and oxidized NAD containing coenzymes, might be likely things to consider. 

We have searched for charge transfer complexes using model compounds, not coenzymes, and have been 
unable to demonstrate that xenon forms these. However, Featherstone's group has provided encouragement 
to reconsider the occurrence of charge transfer complexes, and certainly the quantum chemistry of riboflavin 
coenzymes and oxidized NAD coenzymes indicates that these might be acceptors for charge transfer inter­
actions with heavy gases. 

These important molecular studies may be peripherally related to diving, but certainly they are very 
important to the field of biology. 

Chairman Featherstone: I will add that our laboratory has reported to the effect that when studying 
the dielectric constants of aqueous hemoglobin systems, we were able to calculate that every time one Xe 
enters a space in hemoglobin, about 30 to 40 water molecules become irreversibly bound to the aggregate; 
that is, they lose their ability to flip back and forth every time the current changes. 

I will now ask Dr. Smith for comments. I found his statements about the protective action of barbiturates 
very interesting. It seemed to me we were going in opposite directions in our thinking about the heavy gases 
and the barbiturates, which are organic molecules and perhaps exert their activities in quite a different way 
from the inert gases. 

Dr. Smith: It is curious that we would normally regard barbiturates and the general anesthetics as 
separate classes of agents. The fact that they have the rather remarkable feature in common—that both are 
apparently antagonized by high hydrostatic pressure—might lead us to reconsider and wonder how different 
they are. This is a clue that they are more closely related in their mode of action than suspected. 

Dr. Brauer: I can describe work by Dr. Schoffeniels that involved the use of an isolated frog skin prepa­
ration and the demonstration that at pressures from approximately 50 atm up there is a sharp increase in 
transmembrane potential and an increase in sodium flux across the outer layers of the frog skin. 

Dr. Zimmerman: I was hoping somebody would bring that up. I have something to add which I am 
unable to interpret. 

Recently, in conjunction with Dr. Myukami from Japan, we have been placing cells into a chamber and 
subjecting them to an electric field under hydrostatic pressure. We find that the cells migrate toward the 
cathode and this is called cathodal galvanotaxis. As we increase pressure, this effect is reduced. At 8000 psi 
the cells change from being cathodally galvanotactic to anodally galvanotactic. 

We have been puzzled with this problem for some time. This occurs within 30 sec of the onset of pressure. 
We are using voltages in the relatively low range of 3-4 V. We are unable to explain this phenomenon. 
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Dr. Fenn: I would suggest that perhaps very high pressures increase ionization because that produces a 
decrease in volume. Some new ions may be formed which change the charge on the cell. 

Dr. Landau: Dr. Zimmerman pointed out the effect of pressure on microtubules. We are relatively con­
vinced that this effect demonstrates the labile gel structure or a major component of labile gel structure. 

With regard to nerve, we have subjected chick dorsal nerve ganglion in culture to increased pressure and 
observed some of the axons growing out under these conditions. This was a morphological study, but on applying 
pressure we saw development of a beautiful collection of beads along the axon, which is an indication of a 
solation or the formation of a liquid cylinder which then beads along the axon length. On release of the pressure 
the axon was restored to approximately its previous appearance. 

Dr. Orsi: Dr. Landau, the human amnion cells that recovered after the hydrostatic pressure—could they 
be passed in tissue culture? Did they have the same plating efficiency as controls did? 

Dr. Landau: Sterile technique here was very difficult, but coming out of the pressure chamber we dropped 
to about three passages and have not seen anything. However, it would take a deeper study than we did to 
actually answer you. 

Dr. Orsi: The reason I ask is that we are investigating the effect of hyperbaric pressure on virus infection 
and are using HEp-2 cells and Coxsackie B-1 virus. If we take control cell monolayers and subject them either 
to 100% O2 at 3 atm for a half-hour or 97% He and 3% O2 for a half-hour, the monolayers seem to be normal 
and look normal. 

When we try to pass them to a new culture, the unexposed controls grow and form a monolayer, but not 
the cells that had been treated with hyperbaric pressure. There seems to be an effect lasting enough to be 
detrimental to cell passage. 

Dr. Brauer: We have done a series of experiments in which the first onset of convulsions has been used 
as the endpoint instead of death. We find this rather sharp and reproducible. 

If mixtures of He with graded amounts of N2O or N2 or H2 are used, it is possible to construct identical 
curves for the elevation of the convulsion threshold due to the inert gas admixture. Once this has been done, 
equipotency curves can be constructed. A midpoint can be taken which indicates that the relative narcotic 
potencies of H2, N2, and N2O derived from studies of convulsion threshold are substantially identical with 
those derived from loss of righting reflexes in mice. 

I remain uncertain about the effect of rate of compression on convulsive threshold. If we go from a com­
pression rate of 40 atm/hr for mice to a compression rate of about 3 or 5 atm/hr, there is about a 25% increase 
in the convulsion threshold. There is a fairly perceptible shift which also occurs in monkeys. 

The third point I wanted to make is that what we used to call tremors needs to be reexamined very care­
fully. Data I will present later show that the early helium tremors are not associated with electroencephalo-
graphic changes. However, there comes a point where they are no longer volitional and are associated with 
very definite spiking activity in the electroencephalogram. 

Finally, once a monkey has been carried to the point where rather widespread spiking has occurred, this 
does not subside. Even over a number of hours of exposure, the electroencephalogram of an apparently quiescent 
animal will show spiking going on continuously some place. In mice these effects appear to show strain and age 
dependence. The sensitivity increases enormously in young animals so that, in mature CD-I mice, convulsions 
begin around 100 atm. Five-day-old mice of the same strain will convulse at about 55 to 60 atm. 

Dr. Buckles: Dr. Featherstone, I am interested in myoglobin-oxygen affinities. You showed the curve 
describing effects of N2 versus Xe. I assume the myoglobin was in solution. Have you ever compared N2 with 
He? Have you ever done this with hemoglobin within red cells or with cells that contain myoglobin so that you 
might look at the effect of the bound nature of the molecule? 

Dr. Featherstone: No, we have not yet. We have done these in solution and it is a C02-myoglobin 
relationship we study, not 02-myoglobin. We have not found any indication of a shift in O2 binding in 
the presence of these gases. 

Dr. Buckles: Have you ever compared N2 to some other gas of lower molecular weight? 

Dr. Featherstone: No, we have not. These, of course, are studies that would be very interesting to do 
and I think are somewhat mandatory as we go further into trying to relate effects of heavy gases to the effects 
of light gases. I have been fascinated with the effects of removing N2 and putting in either He or Xe—the two 
extremes of this gas series—and all the things that can happen. We find these "tremors" on the one side and 
anesthesia on the other. 
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Dr. Butts: Dr. Smith, when you administered anesthetic agents to animals and then elevated the pres­
sures, did you give a dose of the anesthetic and then raise the pressure in the chamber by adding extra gas? 

Dr. Smith: With the gaseous anesthetics these were added in initially, in the initial gas mixture, and 
then the He was put in afterward. 

Dr. Butts: But no additional anesthetic was added as you increased the pressure? 
Dr. Smith: No. 
Dr. Butts: For the gaseous and volatile agents the degree of anesthesia is proportional to the partial 

pressure of the agent in the CNS. Could it be a possible mechanism of the phenomenon you saw that, as the 
pressure elevated with additional He, the relative partial pressure of the anesthetic agent (disregarding the 
barbiturates) would have decreased below the level of general anesthesia, but perhaps maintained a level 
which would have provided a sedative and thus a protective action against the gross toxic symptoms? 

Dr. Smith: Certainly if you regard the effective concentration of an anesthetic in terms of classical 
theory as that which produces a certain critical concentration in, say, a lipid or cell membrane, then this 
solubility will be pressure-dependent. Your proposal would be a possible but not sufficient explanation of the 
pressure reversible effects, particularly where the volume changes can be characterized or can be guessed at 
with some accuracy, as in the case of the experiments with tadpoles of Johnson and Flagler. 

Dr. Wells: I have a comment regarding the reversal of polarity described by Dr. Zimmerman for growing 
cells. Dr. Fenn has pointed out that this may be due to the ionization of some macromolecules within the cell. 
Another possibility is the change in pH due to the change in the ionization of the medium, particularly if 
phosphate buffer is used. In this example pressures of the magnitude described would cause a change of about 
half a pH unit and, depending on what the isoelectric values of the proteins are, this could have an influence 
on the charge. 



CONCEPTS OF INERT GAS EXCHANGE IN TISSUES 
DURING DECOMPRESSION 

B. A. Hills 

Every mathematical format for predicting the occurrence of decompression sickness is 
based upon a model, either directly or indirectly, and it is essential that this model be con­
sistent with sound physical principles and physiological experience. In devising any method 
of calculation from fundamentals, there are at least three basic questions to be answered before 
an equation can be written. They are: 

1. What are the number of actual or theoretical tissues to be considered, since this deter­
mines the number of equations to be used? 

2. Which parameter is the most pertinent in estimating the imminence of decompression 
sickness, and what is its critical value for the occurrence of symptoms? 

3. In what manner does this parameter change with time and the other conditions of the 
dive? Since the critical parameter must be related to gas tensions, this question is largely one 
of determining the relevant transport model (or models) at the various stages of a dive. 

The last question involves the controversy over which process limits the rate of inert gas 
transfer between blood and tissue. This limiting factor is generally attributed to blood per­
fusion (13). If, however, one assumes that tissues are not media of homogeneous permeability 
(and if one can resolve the mathematical confusion in the physiological literature between 
transient and steady state processes), the data would seem equally compatible with the hy­
pothesis that a major portion of the resistance is contributed by diffusion (8). Although this 
issue is fundamental to physiology in general, the net difference in decompression formats 
predicted by these models is nonetheless surprisingly small for normal dives. 

The uptake of inert gas by a tissue can be described by a single exponential if blood perfusion 
is the rate-limiting factor. Uptake closely approximates the sum of an infinite series of ex­
ponential terms required to describe bulk diffusion, although one term predominates in normal 
exposures. In many respects the Haldane method of calculation (1) and the many subsequent 
modifications of it represent a routine by which the slower half-time tissues can be empirically 
introduced to place greater emphasis on the slower values of the Fourier series, which repre­
sent bulk diffusion relative to deeper gas penetration of the tissues. 

Although the perfusion-diffusion controversy is a most interesting academic problem, a 
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much greater deviation in decompression computations results from the value selected as the 
driving force in gas transfer. If one assumes that the rate of inert gas assimilation is propor­
tional to the diiference between the inspired partial pressure and the mean tissue tension of 
the gas, the process can be considered a simple exponential function. While this assumption 
is reasonable for gas uptake, it is reasonable for gas elimination only if all gas remains in true 
physical solution during decompression. Only in the latter case can gas contribute to a driving 
force for its transfer. Any separation of the gas phase from solution in the tissues changes both 
the boundary conditions and the driving force, so that a function must now be used that is 
totally different from the exponential (7). 

Any evidence of the presence of a gas phase during a conventional decompression also has 
serious implications with respect to the second question listed above, since it is generally as­
sumed that no gas separates from solution in tissues during dives that prove to be safe. Thus, 
before one writes any equation for a decompression program, it is essential to ascertain the 
conditions under which the gas phase forms, and whether these conditions existed at the onset 
of marginal symptoms of decompression sickness (as is generally assumed) (15, 20) . The most 
important question in this connection is, therefore, whether the decompression ratios—which 
are often designated as Ä or Μ values and which are known to be vahd in hyperbaric exposures 
(6)—really represent the critical degree of supersaturation or the critical volume of separated 
gas that a tissue can tolerate. That is to say: Is the gas phase ever present during a conven­
tional decompression that proves to be safe? 

Most investigators have studied this problem only indirectly by computing a number of 
schedules and testing them, but relatively few experiments have been specifically designed 
to settle the issue. One classic example of the latter is the work of Willmon and Behnke (19), 
who measured the washout of total body N2 at different absolute pressures following the 
same change in inspired ΡΝ2· At the time, the results were not regarded as conclusive, since 
the elimination rate was found to be neither independent of the decompression (as would be 
predicted on the basis of the supersaturation concept) nor constant (as would be expected if 
the whole body had come to phase equiUbration). However, the significant decrease in N2 
washout was consistent with the concept of random nucleation that is now known to apply 
to almost all cases of suppressed transformation, of which the supersaturation of a Uquid by 
a gas is just one example. 

Nucleation of the ^^suspended'' phase has been shown to be a random process in which 
the probability of nucleation becomes finite after gas in solution exceeds equilibrium (16) ; 
the probability then increases progressively. Supersaturation theories of decompression sick­
ness seem to be the only ones still based on the metastable limit concept that was originally 
introduced by Ostwald (a contemporary of Haldane). 

Other experiments designed specifically to test the popular concept of Umited tissue super-
saturation include ''titration'' of a schedule based upon the conventional supersaturation con­
cept, in which the last stop is made at 10, 20, or 3 0 FSW (9) . The fact that 3 0 FSW proved 
to be more effective against decompression sickness than 2 0 FSW, and that 2 0 FSW was more 
so than 10 FSW, is totally incompatible with conventional reasoning. This observation in­
dicates regions of phase equilibration. The regions may be very few relative to the number 
retaining their supersaturation, but, as the weakest link in the chain, these are the zones for 
which decompression must be programmed. 

The foregoing method of differentiating between mechanisms has the advantage of using 
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the specific symptoms as evidence per se that the tissues in which they occur are the ones 
primarily affected. This cannot be said of techniques employing a direct physical search for 
the gas phase. The research technique currently in vogue involves an ultrasonic means of 
detection; the devices must be clamped to flaps of tissue, the most popular being the ear 
lobe (18) and the hind leg of a hamster (2). These techniques are probably quite successful 
in the detection of intravascular bubbles; but there is considerable doubt that the gas re­
sponsible for marginal symptoms forms within the vascular system (4), and it is even more 
unlikely that the gas would form in such vascular tissues as those mentioned above. Ultra­
sonics can also induce cavitation, although the intensities employed in the above studies were 
several orders of magnitude lower than the ones normally selected for this purpose. 

Bubbles—considered per se now for the first time—have a curved geometric form, which is 
likely to resonate and to give an ''echo enhancement factor'' of as much as 10̂  (12). Thus it 
is much easier to detect bubbles than the films of gas predicted thermodynamically (7). These 
films might coalesce, with movement, into the irregular masses of gas that Harvey (5) observed 
deep in tissues prodded with a rod. Hence the failure of ultrasonic methods to detect bubbles 
in decompressions whose ratios are below those popularly advocated can in no way exclude 
the presence of extravascular gas separated from solution. This possibility is particularly 
strong in those tissues that are more likely than others to cause marginal symptoms—tissues 
that are probably less vascular than those that have to date been monitored ultrasonically. 

Gas in the avascular tissues—the more significant ones in decompression sickness—appears 
in irregular geometric forms, and is much more likely to be detected as a change in conductance. 
Gas has a much higher electrical resistivity than tissue. The separation of any gas from solu­
tion should therefore cause an appreciable change in net transtissue resistance, particularly 
if the separation ocurs in planes perpendicular to the direction of the current flow. The purpose 
of the present experimentation, therefore, was to monitor avascular tissue in an effort to 
detect any change in conductance that would be indicative of bubble formation. The pressure 
for the onset of gas phase separation from solution can then be compared with values pre­
dicted by supersaturation and equihbration theories to determine which of these fundamen­
tally different approaches is correct. 

Methods and Procedures 

The first problem is the selection of the tissue to monitor conductometrically. We do not 
know which tissue produces marginal symptoms of decompression sickness, but current data 
indicate that the tissues of the tendon are more likely than any others (10). A most convenient 
source of this tissue is found in the tails of rats, and we therefore chose rats for our experi­
mentation. Rat tails have a loose skin beneath which thin platinum electrodes (3̂  in. X 
in. X 0.010 in.) can be very easily slid into position on opposite sides after two small incisions 
have been made. Thus no clamp is necessary to hold the electrodes, so that any gas phase 
that is forming can grow and expand against the cohesive forces naturally provided by the 
skin. This is a particularly effective and simple preparation (Fig. 1) that can be completed 
within 30 sec. 

Each rat (weighing 400 zb 10 gm) was exposed to a particular breathing mixture (air, He-02, 
or N2O-O2) for 6 hr, killed within 30 sec by chloroform, and placed in a box at 37.5°C. 
Its tail was cut off and mounted on a tray attached to the end plate of a small pressure chamber 
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FIG. 1. A rat tail showing platinum electrodes inserted subcutaneously on opposite sides and in direct 
electrical contact with the tendonous fibers. 

to which were attached electrode leads. After the electrodes were inserted, the whole prepara­
tion, still in the same warm box, was slid into the barrel of the plastic pressure chamber after 
which the chamber's end was sealed. The chamber was then transferred to a water bath held 
at 37.5 db 1°C, and the coaxial electrical leads were connected to a conductance ac bridge 
with an accuracy of 0.01%. From the chloroforming to the time that conductivity readings 
could be taken required no more than 2 min. The electrical resistance was monitored for several 
minutes. The chamber was then decompressed from ambient pressure at the rate of 50.8 mm­
Hg/ min, readings being taken every minute. 

Results 

The foregoing procedure was repeated many times with the tails of rats that had been breath­
ing air, and the plotting of electrical resistance vs decompression, or time, invariably produced 
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FIG. 2. The variation in electrical resistance across the tail of a rat upon decompression from normal 
atmospheric pressure at the rate of 50.8 mmHg/min, held at an absolute pressure of 15 mmHg for 2 min, and 
then recompressed at the same rate. ( # ) Decompression; ( Δ ) recompression. 

a transition point—i.e., a sudden increase in resistance. No noticeable change in resistance 
was noted when the rat tail was momentarily pressurized to 500 mmHg positive before a run, 
or when the electrical leads were reversed (which indicates that gas was not introduced with 
insertion of the electrodes). 

A typical run for the tail of an air-breathing rat is shown in Fig. 2. A transition point oc-
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FIG. 3. The change in resistance across the tails of rats that had been breathing mixtures of 80% He-20% 
O2, 80% Ν 2 θ - 2 0 % 02, or air for 6 hr before death. 
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curred when decompression reached 137 mmHg. This sudden increase in resistance indicated 
the onset of the gas phase at or below this stage of decompression, whereas the irregular de­
crease in resistance with recompression was consistent with simultaneous bubble movement 
and size reduction. 

Repetition of the procedure with the tails of rats that had been breathing 80% He-20% 
O2 and 80% Ν2θ-20% O2 mixtures revealed similar transition points (Fig. 3).) The gradients 
increased in order of increasing solubility of the inert gas. This increase is consistent with the 
concept that the volume of a more soluble gas separating from solution in a tissue during 
a given decompression should be greater than that of a less soluble gas, and hence should 
develop a greater change in resistance. 

Another run was performed upon the tail of an air-breathing rat in which an insulated clamp 
was placed across the electrodes outside the skin in much the same manner as is done in ul­
trasonic testing. This gave a totally different curve (Fig. 4), and the transition point occurred 
at a much lower pressure. 

Discussion 

These experiments have demonstrated that the magnitude of the decompression required 
to produce a phase change in the tissues of the rat tail is reproducible, varies with the gases 
in solution in the tissues, and suggests that the results are more relevant than those obtained 
by the ultrasonic techniques. The results displayed in Fig. 4 show that an artifact can be intro­
duced by placing a clamp around the rat tail—a procedure that is necessary for most ultra­
sonic recordings. 

In the other runs, however, in which the gas phase could grow and expand against the 
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natural cohesive forces of the skin, the transition points occurred at absolute pressures within 
the range of 610-670 mmHg for all three breathing mixtures. This indicates that nucleation 
of the gas phase can occur at absolute pressures significantly higher than those predicted by 
conventional decompression ratios, which are based on the maximum supersaturation that 
tissues are assumed to tolerate without risk of decompression sickness. In fact, the onset of 
cavitation would appear to occur in decompressions just a little greater than the natural or 
''inherent unsaturation'' that has been measured in living tissue (11). 

The variability among transition points of about 40-100 mmHg may be attributed to the 
fact that the resistance was measured in excised tissue that would have consumed all available 
O2 at death. In any case, this O2 consumption should have reduced the absolute pressure for 
nucleation of the gas phase, thereby bringing the transition points closer to the pressure thresh­
olds predicted by conventional theories. 

As they stand, the results indicate that the gas phase forms during decompressions to pres­
sures which differ from those predicted on the basis of phase equilibration by no more than 
50-100 mmHg, while they differ by 230-290 mmHg from those predicted on a supersaturation 
basis. This conclusion is consistent with the results of other methods used to test this vital 
issue: gas ehmination (19), titration of decompressions with goats (9), and changes observed 
to occur in "soft''-tissue X-ray roentgenograms at absolute pressures as high as 483-512 
mmHg (4). 

This evidence indicates that the gas phase is present following decompressions involving 
far smaller pressure changes than any kno\vn to give rise to symptoms, and hence, during 
those decompressions based upon conventional supersaturation theories (17). These schedules 
could well be considered therapeutic treatment for a latent gas phase that does not become 
manifest as symptoms by virtue of residual compression at the staging pressure. However, the 
phase conditions are then totally different from those assumed in the model generally used 
to derive the simple exponential function; use of the latter, therefore, to describe gas ehmina­
tion during decompression (15, 20) would no longer be vahd. Use of latent gas phase data 
for calculation of decompression schedules requires a totally different mathematical approach 
(7), which has been shown to offer a better correlation of much diving data—including the 
results of trials programmed according to the conventional (supersaturation) theories. 

From a more positive standpoint, gas should be ehminated more effectively from the tis­
sues when the diver is kept much deeper than is advocated in conventional schedules, par­
ticularly at the start of his ascent to surface. This is borne out by the remarkably short overall 
decompression times used in very deep dives by Bühlmann (3) and the much shorter surfacing 
times in the schedules developed empirically by Okinawan pearl divers working off the northern 
coast of Austraha (14). 

An incidental implication of the foregoing experimental results is that cavitation should 
occur in air-breathing rats (Fig. 2) for decompression to an altitude of about 6000 ft, which 
is within the pressure range used in the cabins of commercial aircraft. 
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DECOMPRESSION CHARACTERISTICS OF INERT GASES 

M. J. Lever, W. D. M. Paton, and E. B. Smith 

Nitrogen and helium have long been regarded from a practical and economic standpoint 
as the most suitable gases for use in diving. In recent efforts to improve diving performance 
and to elucidate the mechanisms of decompression sickness, there has been renewed interest 
in the properties of other gases. Research has primarily been concerned with three issues: 

1. The gas-exchange technique. If, during the latter part of a dive or during decompression, 
the gas breathed by a diver is replaced by O2 or by gases that are more slowly absorbed and 
eliminated by body tissues, the overall rate of desaturation may be accelerated, thus permitting 
more rapid decompression. The technique of following He dives with, first, air breathing and 
then O2 breathing has been used successfully by the U.S. Navy (3). This technique has been 
tested critically by Keller and Bühlmann (14), who achieved significant reductions in de­
compression times by using Ar as well as N2 and He. 

2. The advantages of gas mixtures in decompression. If breathing mixtures are changed during 
diving the question arises whether two or more inert gases in the tissues can interact to modify 
the fundamental processes of bubble formation and growth after decompression. Webster 
(25) recognized that the sum of the partial pressures of inert and metabolic gases in the tis­
sues was the major factor that determined the occurrence or absence of decompression sick­
ness, but suggested that some advantages might accrue if mixtures of inert gases were used. 
This principle has been tested by various workers. Workman (26) found that the decompres­
sion times for men in a variety of dives could be at least halved when 50% He-50% N2 was 
used as the inert gas diluent rather than He or N2 alone. Similarly, Zal'tsman (27) claimed 
that there is a slightly higher no-stop decompression threshold for men when He-N2 mixtures 
are breathed than when either gas is breathed alone. It has been shown, however, that when 
rats breathed He-N2 mixtures, the incidence of decompression sickness was lower than when 
N2 was breathed alone, but that the incidence was indistinguishable when they breathed 
He-N2 mixtures or He alone (16). Bennett (4) found that when rats breathed He-Ne mix­
tures, the incidence of decompression sickness was slightly lower than when they breathed 
either component separately. 

3. Decompression characteristics of single inert gases. Ever since Hildebrand (11) suggested 
that He might be preferable to N2 in the prevention of decompression sickness, many attempts 
have been made to compare the properties of the two gases quantitatively. Argon and, to a 
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lesser extent, neon have also been studied. Such studies have recently been intensified in the 
search for a suitable gas medium for space-cabin atmospheres. Roth (22) has reviewed the 
factors that determine the efficacy of different gases in preventing decompression sickness. 
On theoretical grounds, he concluded that Ar is less satisfactory, and Ne more satisfactory 
than N2, but that the relative efficacies of N2 and He wOuld depend on the specific mechanisms 
governing the appearance of symptoms. 

In cases of decompression of small animals from raised pressures, it has been observed that 
He breathing results in a lower incidence of decompression signs than N2 breathing does (4, 
8, 16), while Ar breathing results in a higher incidence (4, 8). In experiments with Ne (4), 
the incidence fell between those for He and N2. Similar results have been observed in men 
and goats that have been exposed to pressure for long periods. In dives longer than 4 hr, the 
threshold pressures for safe no-stop decompressions have been found to decrease in the order: 
He, N2, and Ar (9, 10). For shorter exposures, the efficacy of He deteriorated relative to that 
of N2; and in 16-min exposures, the threshold pressure with N2 was greater than that with He. 
This crossover in potency was explained by the faster rate of He uptake by the body. 

In contrast to the findings in experiments with high-pressure exposures, an experimental 
assessment of the relative efficiacies of He and N2 in subatmospheric pressure changes re­
vealed that the incidence of decompression sickness was lower when N2 was breathed (1). 
Differences in results between altitude and high-pressure studies are not altogether surprising, 
however. Proportionately, CO2, O2, and water vapor will exert a much greater influence on 
bubble formation during decompression to altitude than during decompression from deep 
dives, since these gases represent a much greater fraction of the total gas tension (5). The main 
contribution of the inert gas component in such circumstances may be toward the growth and 
stabilization of seed bubbles, which for a given pressure change are dependent on the product 
of the diffusion coefficient and the concentration gradient between the tissues and the bub­
bles (7). In aqueous media, at least. He would be expected to diffuse into bubbles more rapidly 
than N2, and this may be the determining factor in altitude decompression sickness. Because 
of the greater solubility and slower rate of elimination of N2 compared with He, a far greater 
excess of N2 will be retained in the tissues after saturation diving to a particular depth. This 
excess may be more important in the total incidence of decompression sickness than the faster 
growth of He bubbles. 

The other chemically inert gas whose decompression characteristics have been recorded 
is N2O (18). Because of the very great solubility of this gas, tissues can be expected to tolerate 
only small pressure changes. Decompressions from 3 to 1 atm have proved fatal to dogs breath­
ing N2O, whereas when dogs breathe air, a decompression ratio of 4:1 is considered safe (2). 

Most studies of the comparative behavior of inert gases in decompression are fraught with 
inadequacies. Often the number of experiments is too few and the experimental design is too 
complex. These inadequacies are usually the result of a compromise between doing basic 
research into the behavior of gases and formulating an economically realistic and workable 
decompression schedule for practical diving purposes. 

Inert Gases in the Elucidation of Decompression Sickness Mechanisms 

The present study was undertaken to test a range of gases with widely differing physical 
properties to determine whether they displayed any regular pattern of characteristics during 
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decompression procedures. If, for example, the solubility of gases in a particular tissue is the 
major factor in determining the appearance of decompression sickness, the order of potencies 
of various gases in causing the sickness should parallel their solubility values. The gases studied 
were N2, He, Ar, N2O, O2, CF4, and SFe. The properties which are probably the most relevant 
in decompression mechanisms are diffusion and solubility in various solvents. The very wide 
range in these properties exhibited by these gases is shown in Table I. 

Owing to their rather weak intermolecular forces relative to their size, SFe and CF4 have 
extraordinarily low solubilities in aqueous media. Their solubilities in nonpolar solvents are 
less anomalous than those in polar solvents, and so their fat-water partition coefficients are 
much greater than those of the other gases tested. The diffusion coefliicients of simple gases 
in liquids are an approximate function of molecular size (21). Thus in the same solvents, the 
diffusion coefficients of the smallest molecule He are approximately five times greater than 
the diffusion coefficients of the largest molecule SFe. The diffusion coefliicients of gases in 
tissues may be very much smaller than those in water (13), but the relative values for the 
different gases should remain the same. 

The gases were all tested in experiments with mice. Numerous tests were performed so that 
a detailed statistical evaluation could be made of the properties of each gas during decompres­
sion. Unfortunately, mice do not exhibit some of the marginal symptoms of decompression 
sickness that are typically exhibited by men. Bubble formation and growth, however, are 
undoubtedly the primary cause of the sickness in both species, and the results of studies in 
mice should (with some reservations, according to anatomic and metabolic differences) be 
applicable to men. The usual signs observed in mice after decompression are: (1) gradual loss 
of muscle tone leading to prostration; (2) irregularities in breathing (usually there is slowing 
and deepening of respiration with occasional intermittent periods of tachypnea); (3) genera­
lized convulsions which usually lead rapidly to death. Sometimes paralysis of the hind limbs 
intervenes, from which recovery is rare. Death was selected as being the most unsubjective 
endpoint in quantitative studies of the incidence of decompression sickness. 

If a comparison of the physical properties of different gases and their quantitative decom­
pression characteristics is to be a valid guide in elucidating the mechanisms of decompression 
sickness, it must be assumed that different gases bring about the sickness by the same mechan­
ism. Qualitative differences have been observed in the diurnal signs produced by different 
gases, and these differences must be considered first to test the foregoing assumption. 

TABLE I 

RELEVANT PHYSICAL PROPERTIES OF VARIOUS INERT GASES AND O2 IN DECOMPRESSION SICKNESS 

Physical properties N2 He Ar N2O CF4 SFe O2 

Solubility in water««H2O at 37 0.0125 0.0095 0.0295 0.45 0.0044 0.0047 0.024 
Solubility in fat° α Olive oil at 37 0.069 0.017 0.159 1.82 0.072 0.295 0.12 
Fat-water partition coefficient 5.52 1.79 5.39 4.05 16.3 62.8 5.0 
Diffusion coefficient in H2O at 25° C 2.01 5.9 2.22 2 .6 1.45 1.16 2.2 

(cm2 sec-i X 10 )̂ 

Represents volume of gas at 37° C and 760 mmHg absorbed by 1 vol of solvent. 
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Gross Decompression Signs Produced by Different Gases 

After mice had been exposed to each gas at raised pressure, decompression caused convul­
sions and death after a variable induction period. These symptoms could be averted by re­
compression. 

With most gases there were no signs of anoxia after decompression, but after decompres­
sions from raised pressures of SFe the mice were rather cyanotic and sensitive to low P02 in 
the postdecompression breathing mixture. When mice breathed O2 after decompressions 
from raised pressures of SFe, the incidence of death was much lower than it was when air was 
breathed. The time of onset of adverse symptoms was also much longer with O2 breathing 
than with air breathing. After N2 decompressions, there was httle difference in the incidence 
or time of onset in O2 or air. Taken together, these results probably indicate that anoxia con­
tributes to fatahties after SFe exposures, but to a much lesser extent after N2 exposures. 

Spinal paralysis was rarely observed after exposures to CF4 or SFe, but was seen in 5-10% 
of all cases after He, N2, and Ar exposures. Since the mice were deeply anesthetized during 
exposure to N2O at raised pressure, the early stages of decompression sickness were masked 
during their recovery from the anesthetic. However, convulsions and respiratory signs were 
a common occurrence. Owing to the convulsive effects of hyperbaric O2, experiments were 
performed after treatment of the animals with a nonvolatile anesthetic. It was possible to 
expose tissues and blood vessels under these conditions, and the formation and decay of bub­
bles could be followed visually. 

Bubble Formation and Distribution with Different Gases 

Following the decompression of mice from raised pressures of the inert gases, dissection 
was carried out postmortem or under anesthesia, and all exposable surfaces were examined 
under a dissecting microscope. Bubbles with diameters of less than 50μ could be seen. 

Extensive studies with N2 showed that the extent and distribution of bubbles were depen­
dent on the decompression ratio used and the severity of the sickness. In mice only slightly 
affected by sickness, bubbles were seen in subcutaneous fat and sometimes in the major lymph 
vessels that drain the abdominal skin. When respiratory distress and prostration had been 
observed, intravenous bubbles were invariably present, usually caudally, and most commonly 
in the veins draining into the inferior vena cava from the large pelvic fat bodies. In those mice 
which died, the vascular system was typically filled with bubbles, and the venae cavae and 
right side of the heart were often distended with gas. Extravascular bubbles in connective 
and adipose tissues were regularly present. 

Other gases differed markedly in the extent and distribution of the bubbles observed after 
decompression. Helium decompression appeared to produce either very few bubbles or very 
extensive bubble formation in all blood vessels, fat, and viscera. Often bubble development 
had advanced sufficiently to cause hemorrhage. 

Bubble formation in fatty areas was usually greater after Ar or CF4 exposures than after 
N2 decompressions. However, fewer bubbles were seen in the blood vessels after CF4 decom­
pressions. 

The greatest differences in bubble formation were seen after SFe exposures, although in 
many respects, the external signs had been similar to those observed after exposures to other 
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gases and were reversible upon recompression. Often, no bubbles could be seen in animals 
which had exhibited signs of decompression sickness. When bubbles were seen, they were 
usually few in number and were often confined to the lymphatic system, although occasionally 
entered the blood vascular system through the thoracic duct. The results of recompression 
experiments, however, did suggest that small seed bubbles might be widely distributed after 
SFe decompressions. When N2 or He was used to recompress the mice, the signs of sickness 
disappeared at rather low pressures (20-25 psig). These pressures are much lower than those 
which are normally required to cause sickness in mice upon decompression to 1 atm. However, 
subsequent decompression from these therapeutic pressure levels caused severe signs of 
sickness and very extensive bubble formation. Later experiments with mixtures of SFe and N2 
indicated that these signs were unlikely to follow a single decompression even though the 
tissue gas tensions were similar to those that were expected in the recompression experiments. 
It is concluded that the extensive bubbles observed after therapeutic recompression must 
have arisen by the diffusion of the gas used in recompression into seed bubbles that were 
formed after the first decompression. Although these seed bubbles may have contributed to 
the signs observed after the initial SFe decompressions, the major factor was more likely ven­
tilatory impairment due to the white foam, containing lung surfactant, that is usually ob­
served in the bronchi and sometimes in the trachea after decompression. The presence of this 
foam may explain the sensitivity of mice to hypoxia after SFe decompressions. 

Quantitative Differences between Gases 

The experiments described above show that the decompression sickness produced by the 
several gases exhibited marked qualitative differences. Since bubble formation is undoubtedly 
the major contributor to the external signs, however, a quantitative comparison of the gases 
is pertinent in investigations of the mechanisms involved. 

RATE OF SATURATION 

With regard to decompression sickness in mice, it is necessary first to consider the rates 
at which different gases are taken up by critical bubble-forming tissues. These rates have been 
determined by following changes in the incidence of decompression sickness as a function of 
exposure time at a particular pressure which was selected for each gas. The results indicated 
that the rate of gas uptake increases in the order: SFe, CF4, N2, Ar, and He. This order is 
consistent with the perfusion-limited gas uptake model (15). Very large fat-water partition 
coefficients could be the cause of very slow uptake of SFe and CF4 by the fatty regions of the 
body by the perfusion-limited mechanism alone, and some intertissue diffusion (19) would 
therefore be expected to contribute to the overall uptake rate. A model based on diffusion-
limited uptake would predict the same order for the uptake rates of the different gases, and 
the present study does not provide a clear distinction between the conflicting diffusion and 
perfusion theories. 

TIME TO ONSET OF SYMPTOMS 

The animals were kept in the pressure chambers after decompression, and the times of onset 
of the first major signs of decompression sickness were recorded. When plotted as histograms 
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FIG. 1. Histograms showing the times of onset of major decompression signs after exposure of mice to raised 
pressures of N2O, He, Ar, N2, CF4, and SFe. ( i ) shows median time. 

for each gas, the times of onset were found to follow a roughly log-normal distribution (Fig. 1). 
For all gases, signs of decompression sickness appeared earlier in those experiments in which 

the incidence was high. The induction periods seen in the histograms are dependent on the 
rates of formation and growth of bubbles in the body. The position of the median is determined 
by the relative rates of the opposing processes of bubble development and inert gas elimination 
by the body. Ehmination rates are the main factors in determining the length of the ^'taiF' 
of the distribution curve of times of onset, and the times at which 90% of the signs had ap­
peared closely reflect the uptake times. The very long time which elapsed between SFe decom­
pressions and the appearance of signs may have been the result not only of the slow rates both 
of bubble development and inert gas elimination, but also of the development of hypoxia. 
If the mice were transferred from an O2 to an air atmosphere after SFe decompression, con­
vulsions and death ensued very rapidly. 

DECOMPRESSION RATIOS WITH DIFFERENT GASES 

Gases differ in the critical decompression ratio that will elicit adverse signs, and the main 
object of these experiments was to determine whether the measured ratio obtained for each 
gas would correlate with any particular physical property. To ehminate one variable—the 
rate of gas uptake by the body—near-saturation exposures of 90 min were used with each gas, 
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and mice were exposed to a range of pressures before rapid decompression in 15 sec to 1 atm 
abs. By measuring the incidence of signs produced by each decompression, the decompression 
ratio (the E D 5 0 ) required to cause signs in 50% of the animals was determined. 

If we now assume that a single tissue or group of tissues is the primary site in the body for 
the formation of bubbles that lead to signs of decompression sickness, the absence or appearance 
of these signs after decompression will depend partly on the relative rates of bubble formation 
and gas elimination, but primarily on the total quantity of gas held in supersaturated solu­
tion in that tissue. When rapid decompressions follow saturation exposures, the total quantity 
of gas in a tissue will be the product of the exposure pressure (P) and the solubility {a)— 
i.e.. Pa. When the ambient hydrostatic pressure is 1 atm, the quantity of gas that can be 
retained in the tissue is a, and the level of supersaturation, expressed as a volume of gas, will 
be (P — l)a. If it is assumed that decompression sickness will ensue when (P — l)a exceeds 
a certain value, then a plot of log a against log [1/(P — 1)] for different gases should be linear 
with unit slope. For each gas, Ρ is the critical decompression ratio (ED50) which was measured 
in the experiments described above. The nature of the critical tissue is unknown, and so its 
solvent properties, on which the value of a will depend, cannot be defined. However, Figs. 
2 and 3 show graphs of log [1/(P —1)] against log a for two extreme types of tissue—one en­
tirely aqueous, the other entirely fatty. When SFe and C F 4 are included with the other gases, 
the correlation fails in aqueous tissue (23). Despite their very low solubility in water (the 
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FIG. 2. Correlation of potency of gases causing decompression sickness with their solubility in fat. After long 
exposures to a gas at a pressure (P) from which decompression to 1 atm abs causes symptoms in 50% of a 
population of animals, the total quantity of gas in fat is {P-l)a in which a is the solubility of the gas in fat. 
If this represents a critical quantity of gas necessary for the onset of symptoms, then a graph of log a against 
log [1/(P - 1 ) ] should be linear and of unit slope. 
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FIG. 3. Correlation of potency of gases causing decompression sickness with their solubility in water. After 
long exposures to a gas at a pressure (P) from which decompression to 1 atm abs causes symptoms in 50% of a 
population of animals, the total quantity of gas in water is {P — l)a in which a is the solubiUty of the gas in 
water. If this represents a critical quantity of gas necessary for the onset of symptoms, then a graph of log a 
against log [1/(P - 1 ) ] should be linear and of unit slope. 

major constituent of the body), SFe and CF4 rather easily caused decompression sickness. The 
degree of solubility of gases in fat, however, can be used as the basis for predicting the cor­
rect order of their potencies. This does not necessarily imply that bubbles in fat are always the 
direct cause of signs of decompression sickness; the fatty regions may act as a reservoir of 
gas, which can contribute to bubble development in neighboring blood or lymph vessels, for 
example. 

The importance of fat in bubble formation is also supported by other observations: 

1. Bubbles are often seen in fat and in veins draining fatty regions in animals that have es­
caped major signs of decompression sickness. These bubbles often can be observed long after 
decompression. 

2. After long exposures, it has been found necessary to assume very long tissue half-times 
when the Haldane approach is used to construct decompression tables. Such long half-times 
are typical of fatty tissues. Lundin (17) suggested that the effect of varying preoxygenation 
times on altitude decompression sickness was consistent with gas elimination from fatty tis­
sues. 
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3. In a perfusion-limited model for gas uptake, the rates of saturation of aqueous tissues 
are similar for most gases. In contrast, marked differences are expected in the rates of uptake 
of different gases by fatty tissues. Such differences were apparent from the various exposure 
times required to cause maximum incidence of decompression sickness after exposures to 
different gases. 

4. It has long been recognized that fatter animals are more prone than thin ones to decom­
pression sickness (24). Philp (20) has concluded that body fat is by far the most important 
feature of body composition in determining an individuaFs susceptibility to decompression 
sickness. 

Despite the apparent importance of fat solubility when it is linked with the concept of a 
critical supersaturated volume of gas, the behavior of inert gases in decompression cannot 
be predicted quantitatively. The behavior of He and N2O in particular fails to comply with 
this model. 

Because of its very small molecular size. He has a much lower fat-water partition coefficient 
than the other inert gases (12). A greater proportion of the total gas content in the body is 
therefore dissolved in aqueous tissues, and fat may therefore play a less important role in 
the mechanisms causing decompression sickness with He. However, since aqueous solubility 
is less than fat solubility, a higher critical decompression ratio would be predicted in order to 
maintain the volume of gas in supersaturated solution at a critical level. However, the be­
havior of He deviated from that which would be expected from the fat solubility model be­
cause the measured critical decompression ratio was too low. Although N2 is more soluble than 
He in water. He has been shown to form bubbles upon decompression of aqueous solutions more 
readily than N2 (6). If solutions in blood behave similarly, the EDeo for He would consequently 
be lower than that expected from the fat solubility model. 

The rate of bubble growth is roughly proportional to the product of the concentration of 
gas and the diffusion coefficient (7). The large diffusion coefficient of He causes a high initial 
rate of bubble growth after decompression, and although He is normally ehminated rapidly 
from the body, the process may be inhibited by the rapidly expanding bubbles. This hypothesis 
is supported by the observations of the early onset of symptoms after decompression, and the 
enormous extent of He bubbles in affected mice. If bubble development does not start soon 
after He decompressions, the rapid rate of gas elimination prevents the onset of signs and 
few bubbles will be found. 

Although the concept of a critical volume of supersaturated gas has been assumed, it is 
almost certainly inapplicable in the case of N2O. Mice can tolerate much larger volumes of 
this gas than other less soluble gases injected intravenously. Therefore, greater volumes of 
liberated gas are probably needed to produce signs of decompression sickness, and decom­
pression ratios higher than those predicted must be employed to cause adverse signs. 

THE BEHAVIOR OF GASES IN SLOW DECOMPRESSIONS 

To investigate the rate processes involved in the mechanisms controlling the appearance of 
decompression sickness, slow linear decompressions (1, 5, and 10 min) have been studied in 
addition to rapid decompressions. The rapid rate of He elimination was reflected in a marked 
change in the ED50 for slower decompressions. In contrast, although SFe and CF4 were elim­
inated from the body more slowly than N2 or Ar, there was not much difference between 
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FIG. 4. Partial pressures of Ar and He in mixtures breathed at increased pressures from which decompression 
to 1 atm abs caused symptoms of decompression sickness in 50% of the experimental animals. 

the gases in the observed changes in the EDÖO of each gas as decompression times increased. 
Because of the low solubilities and moderately low diffusion coefRcients of SFe and CF4, bub­
bles would be expected to grow very slowly in solutions of these gases. During slow decompres­
sions, therefore, large quantities of these gases may be eliminated before bubble development 
has time to reach critical levels. With N2 and Ar, bubble development proceeds more briskly; 
and since elimination of these two gases does not proceed as rapidly during decompression 
as it does with He, bubble development may predominate and cause the onset of sickness. With 
N2 and Ar, the first signs of decompression sickness appear sooner after slow decompressions 
than after fast decompressions and occasionally they appear during the last stages of decom­
pression, indicating that in some animals at least, bubble growth is under way before the final 
pressure level is reached. 

The Behavior of Gas Mixtures in Decompression Sickness 

In view of the qualitative differences in signs of decompression sickness produced by the 
individual gases studied, and the deviation of N2O and He from a gas solubility model, mix­
tures of N2 and SFe, N2 and N2O, and Ar and He were investigated to test the additivity of 
the contributions of each component to the appearance of decompression sickness. Charac-

160 180 

FIG. 5. Partial pressures of N2O and N2 in mixtures breathed at increased pressures from which decompres­
sion to 1 atm abs caused symptoms of decompression sickness in 50% of the experimental animals. 
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FIG. 6. Partial pressures of SFe and N2 in mixtures breathed at increased pressures from which decompression 
to 1 atm abs caused symptoms of decompression sickness in 50% of the experimental animals. 
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FIG. 7. Total pressure of Ar and He mixtures from which decompression to 1 atm abs caused symptoms 
of decompression sickness in 50% of the experimental animals. 
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FIG. 8. Total pressure of N2O and N2 mixtures from which decompression to 1 atm abs caused symptoms 
of decompression sickness in 50% of the experimental animals. 
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FIG. 9. Total pressure of SFe and Nz mixtures from which decompression to 1 atm abs caused symptoms 
of decompression sickness in 50% of the experimental animals. 

teristics such as the profusion and distribution of bubbles and the time of onset of signs in 
decompression experiments with gas mixtures were found to be intermediate between those 
characteristics observed when each component had been used alone and were dependent upon 
the ratio of the gases in the mixture. If different gases and gas mixtures bring about the signs 
of decompression sickness through the same mechanisms, then it would be expected that the 
quantitative characteristics which describe the behavior of different gases would be additive. 
If the contribution of a gas at partial pressure Pi is Pi/P, where Ρ is the EDBO for the gas used 
alone, a graph of the partial pressure of one gas component against the partial pressure of the 
second gas component in mixtures at a critical pressure (EDM mixture) should be linear 
and pass through the critical decompression ratios ( E D 5 0 ) of the pure components. Figures 4 -

6 show that deviations from additivity occur with mixtures of Ar plus He and with SFe plus 
N2, but not with N2O plus N2. Figures 7 - 9 show the overall critical decompression ratios as 
a function of the percentage composition of the mixtures. Of those used, only Ar plus He might 
offer any practical advantages. 

Conclusions 

By a critical assessment of the relative decompression characteristics of several inert gases, 
the following conclusions have been reached. 

L All the gases tested produced similar adverse decompression signs in mice, including 
respiratory abnormalities and convulsions, which could be mitigated by recompression. But 
the various gases exhibited qualitative and semiquantitative differences in (a) the charac­
teristics of the sickness, especially with respect to bubble profusion and distribution; (b) sen­
sitivity to hypoxia; and (c) the time of onset of symptoms. The differences are most marked 
when SFe is breathed. 

2. The most important single factor governing the appearance of decompression sickness 
seems to be the excess of gas in solution in fatty tissue. Consequently, the critical decompres­
sion ratio for a particular gas depends upon its fat solubihty (Fig. 10). 
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FIG. 10. The relationship for different gases between fat solubility and the pressure from which decompres­
sion to 1 atm abs caused symptoms of decompression sickness in 50% of the experimental animals. 

3. Experiments with mice indicate that the failure of a simple fat solubility model to pre­
dict quantitatively the potency of gases in causing decompression sickness may depend in 
part on the tolerance of the animals to the bubbles of the different gases, and in part on the 
relative rates of gas ehmination from the tissues and rates of bubble development which are 
characteristic of the different gases. 
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CRITERIA FOR BUBBLE GROWTH 

Ruport Hester 

Diving medicine has been concerned primarily with a single criterion for bubble forma­
tion and growth, the onset of symptoms associated with the decompression syndrome. This 
paper will examine a possible criterion for so-called "silent bubble" growth in decompression 
from helium saturation diving. 

The theoretical foundation of standard diving practices is the principle of inert gas ex­
change associated with the name of J.B.S. Haldane (4), based upon the premises that, in the 
absence of symptoms, all gas in the blood and tissues can be considered as remaining in so­
lution and that supersaturated states of gas solution can exist. In many respects, however, the 
supersaturation theory can be considered only a convenient doctrine. Some years ago Behnke 
(2) stated: "It may well be that bubbles form as soon as a state of supersaturation is initiated 
and that what appears to be a ratio of supersaturation tolerance is in reahty an index of the 
degree of embolism that the body can tolerate.'' This question is still open. 

Silent Bubble Theories 

Bateman (1), who apparently coined the term silent bubble/' emphasized "that the most 
fundamental gap in our knowledge of decompression sickness is still the exact nature of the 
relationship between effective desaturation rates and the production of symptoms. . 
He further suggested that the most promising experimental approach to the problem would 
be to study individuals who are fully equilibrated with N2 at various known partial pressures. 
Nims (9) based his formulation on findings by Inman and Saunders (8) that symptoms per­
fectly analogous to decompression sickness could be induced by the injection of isotonic buf­
fered Ringer's solution into deep tissues. The onset and severity of symptoms were related 
to the pressure of the fluid as well as to the kind of tissue involved. Nims assumed a simple 
mechanical model for decompression sickness, and theorized that pain is related to tissue 
deformation or displacement (d) caused by the volume of separated gas. Hills, in his recent 
and impressive analysis of the silent bubble issue (7), has advanced the provocative hypothe­
sis that extravascular phase equilibrium rather than tissue supersaturation with gas is the 
relevant condition in decompression sickness. 

137 
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Relevant Data 

The response of the whole organism to reduced pressure is a complex psychophysiological 
event that is perhaps several steps removed from the relevant biophysical process. Thus, to 
use an expression of Workman (10), definition is relatively "gross." In the present state of 
knowledge, however, direct observation of the physical and physiological mechanisms appears 
to be precluded, mainly because the most common symptom, bends, is restricted to a rela­
tively small amount of semirigid tissue in the neighborhood of the joints and involves only a 
minute fraction of the total inert gas exchange by the body. Evaluation of gas concentration 
in specific tissues is especially difficult because the radioisotopes both of He and N2 have ex­
tremely short half-lives (10). What is of statistical importance, therefore, are the specific 
conditions under which an attack of bends occurs. 

Theoretical Issue 

The choice between the classical doctrine of supersaturation and the silent bubble hypothesis 
is not difficult. Although the tensile strength of an aqueous solution appears to be rather high, 
the argument against a stable zone of supersaturation in a physiological system is convincing 
(7). This view is consistent with observations of Harvey (6) concerning injured or stretched 
tissue in Nembutal-anesthetized cats and of cat tissue manipulated mechanically after decom­
pression. Also, it is in keeping with observations by Bhnks et al (3) concerning tissue of bull­
frogs following violent activity induced by electrical shock. 

Some workers do not, in fact, preclude the possibihty of nucleation at moderate levels of 
excess inert gas tension in their computations of decompression tables. Workman (10), for 
example, has suggested that the probabihty of nucleation is a function of time as well as of 
the degree of supersaturation. Thus a higher degree of supersaturation can be risked for a 
short period than for a long period of time. Apparently a formal model for nucleation based 
upon the hypothesis of random negative mechanical pressures as an energy source has not 
been used. However, in principle it should not be difficult to develop one. In any event, finding 
a practical difference between a silent bubble hypothesis and a stochastic concept of super-
saturation is not easy. In many respects, both suggest the same conclusion: in decompres­
sions sustained over a long period, gas tension excess should be held at a low level. 

If bubbles are formed in critical tissues but do not induce symptoms, the only practical 
consequence would presumably be the retardation of inert gas transport, and the consequent 
asymmetry between uptake and elimination. If, as Hills (7) has suggested, critical nucleation is 
in an extravascular diffusion field, the mechanism would be loss of effective tissue tension by 
equihzation with bubbles. 

If one assumes that a single bubble is formed in a tissue mass of volume, F, and that q 
denotes the concentration of gas in the mass prior to phase separation, and that 5' denotes 
the concentration following phase equihbration, the quantity Q of inert gas thus separated 
(expressed at body temperature and standard pressure) is given by 

Q = V{q- q') (1) 

The partial pressure of inert gas inside the bubble may be expressed: 

p' = Η + Ζ (absolute pressure units) (2) 
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in which 

where 

Ζ = + Δ - P02 - Pco2 - P H 2 0 (3) 

Η = hydrostatic pressure 
PA = surface tension 

Δ = tissue deformation stress (or resistance) 
P02J Pco2> P H 2 0 = partial pressures inside the bubble 

Water vapor, O2, and CO2 pressures are assumed to stay in approximate equilibrium with 
surrounding tissue tensions. The bubble volume, may be obtained by applying Boyle's 
law to the partial pressures of the inert gas: 

p'v = HoQ (4) 

where (Ho = 33 FSWG) is standard pressure. 
Now, assuming that ρ denotes tissue tension in the inert gas prior to phase separation and 

that a denotes the absorption coefBcient for the inert gas in tissue fluids, if q = ap and = 
αρ', we may thus rearrange Eqs. (1) and (4) as 

ρ = (1 + w)p' (5) 

in which 

w = v/aHoV (6) 

In this notation w corresponds to the expression (F/SPq) by Hills (7). 
Now let us assume a saturation dive with some inert gas. Let us further assume that an 

initial ascent is made to some depth Di followed by a linear rate of ascent to the surface R 
in feet per minute. We have Hi = Di + Hq ^ pi — Δρ, Ho = 33 ft, wherein pi is tissue tension 
at saturation. A simple Haldane-type inert gas transport function will be assumed: 

dp/dt = kF (7) 

in which 

ρ = tissue tension in inert gas 
t = time 

k = decay constant 
F = driving force (pressure) 

Suppose that in the initial ascent from bottom to depth D a bubble of volume, v, is formed 
and that a subsequent Unear ascent rate, Ä, is such that ν remains constant; hence, by Eq. (6), 
w remains constant, Di > D > 0. Ascent time ¿, from D to surface is defined in the relation­
ship 

pi' - po' = Rt (8) 

in which 

Pi = residual tissue tension at D i following equilibration 
Po = residual tissue tension at surface assuming equihbration 

CRITERIA FOR BUBBLE GROWTH 
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Strictly speaking, a linear rate R that satisfies the conditions for the last expression exists only 
when a constant relationship between the ambient P02 and the sum of tissue P02 + PC02 ob­
tains. Later it will be assumed that a constant P02 is a sufficient condition. 

Substituting by po = (1 + and pi = (1 + w)j)i in the last expression and multi­
plying by yields 

t = {Vi - PoOß-^ = (Pi - Po)Ä-V(l + w) (9) 

Now 

R = dpVd¿ = d{v{l + w))/dt 

= (1 +w)kFii/m\n (10) 

wherein the driving force for inert gas elimination, F, is given by 

F = p' - Ρ (11) 

in which 

= tissue tension following phase separation 
Ρ = ambient partial pressure of inert gas 

Assuming a constant P02 throughout decompression, Ρ = Η — Poz) wherein Η is the hy­
drostatic pressure. It follows that the rate of linear ascent in minutes per foot is 

= (1 +w)/kF 

= {l+w)/W-P) (12) 

= (1+w) /k(Z + P02) min/ft 

Substitution of the last expression in Eq. (9) yields 

t= {pi - vo)/k{Z + P) (13) 

in which t is total decompression time. Thus, if nucleation occurs in the initial ascent from 
bottom to Hi = pi — Ap, it can be seen from Eqs. (3) and (13) that total decompression 
time, will be least when Ζ is kept as large as possible, thereby keeping the bubble as small 
as possible. 

The above result was obtained by assuming nucleation in an extravascular space. Analogous 
relationships may be obtained by postulating vascular cavitation in a critical tissue zone, 
although the mechanism would be different. The driving force, P, for inert gas transport from 
extravascular tissue to the blood would not be reduced; but occlusion of blood vessels by gas 
bubbles would decrease the perfusion of tissues by blood, thus depressing the effective value 
of the decay constant, fc. For vascular emboh in a given zone of critical tissue, 

fc' = (qß/qß)k (14) 

in which 

k = decay constant without phase separation 
fc' = decay constant with phase separation and a given vascular distribution of emboli 
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qß = blood flow per unit volume of tissue per unit time without phase separation 
qß = blood flow per unit volume of tissue per unit time with phase separation and a given 

distribution of emboli 

Vascular nucleation without occlusion, of course, would not imply Eq. (14). 
Further details do not appear necessary. It should be evident that either extravascular or 

intravascular cavitation in tissues that are critical in saturation diving could slow down the 
permissible rate of linear ascent by increasing the effective half-time of the tissue. 

Zurich Group Data 

As a rule, the maximum half-time for saturation diving is estimated according to the re­
quirements of the decompression format. A series of He saturation dives reported by Bühl­
mann et al (5) provides a rare estimate of the rate of He uptake by slow tissues. A series of 19 
dives to 4 atm was conducted—a total of 40 experiments with 26 different subjects—in 80% 
He-20% O2. The exposure times ranged from 3 to 72 hr. Decompression was continuous at 
a ratio 1:1.6, the subjects breathing 100% O2. Bends occurred in both subjects decompressed 
in 120 min following an 8-hour exposure, and in one of the two subjects decompressed in 150 
min after a 12-hr exposure. A decompression time of 180-200 min was sufläcient protection 
against decompression sickness after dives with bottom times of 12-72 hr in 22 experiments 
with 15 different subjects. 

The experiments were not, of course, addressed to the issue of interest here and were not 
titrated; nevertheless, the findings are of considerable value. Since one subject in the 150-
min decompression following a 12-hr exposure suffered an attack of bends, the minimum time— 
180 min—for an uneventful decompression for 12- to 72-hr exposures does not greatly exceed 
the time actually required for ascent following a 12-hr exposure at 4 atm. An estimate of 95% 
saturation with He in 12 hr yields a half-saturation time of slightly over 160 min. 

Bühlmann et al, showed graphically that a 160-min half-time for He, corrected for residual 
N2 tension, was quite consistent with their decompression times over the entire series of ex­
posures with 3- to 72-hr bottom times. Residual N2 tension was calculated on the basis of an 
initial tension of 0.79 atm at the start of each dive and an N2 half-time of 420 min for the 
slowest tissue. 

Any attempt to generalize about the half-saturation time required for safe decompression 
after He dives would be unwarranted, since the effect of the very high P 0 2 used in these ex­
periments is not known. In any event, it appears safe to conclude that the rates of He uptake 
and ehmination in this series of dives were essentially symmetrical. Conceivably, there could 
have been perivascular bubbles, but scarcely could there have been bubbles in the deep ex­
travascular space or extensive vascular occlusion by emboh in the controlling tissue. 

In the same paper, Bühlmann et al. reported a series of dives in which a 79% N2-21% O2 
mixture was used. Exposure time ranged from 3 to 48 hr at 4 atm, followed by decompression 
in 100% O2. For present purposes it will suffice to say that an N2 saturation time was not es­
tablished within these exposure times. It might also be added that the experience of the Tek-
tite I project suggests that the slowest rate of N2 elimination (maximum N2 half-time) is still 
unknown. 
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Evaluation for Symmetry of Uptake and Elimination 

Given the half-saturation time for uptake of a gas, the problem of evaluating for symmetry 
of uptake and elimination is closely related to the choice of an optimum decompression for­
mat. Available data are too limited to support a firm conclusion. 

The U.S. Navy multistage saturation-excursion dive to 1025 FSW (G. F. Bond; memo re­
port dated April 22, 1968) and the U.S. Navy-Duke University 1000-FSW saturation dive 
(working papers), both conducted during 1968, had very similar decompression profiles. For 
the Navy-Duke dive, total time for decompression to the surface from 1000 FSW was 279.5 
hr, or 16,770 min, yielding an average rate of 16.77 min/ft. The ambient P02 was held approx­
imately constant at 0.3 atm. If one assumes the He half-time (160 min) used by the Zurich 
group and further assumes supersaturation throughout ascent, the average excess tissue ten­
sion would he Ap = ρ - Ρ = 13.8 - 9.9 = 3.9 ft. From the Navy^s 1025-FSW saturation-
excursion dive, we have estimated an average rate of ascent of 16.35 min/ft, the P02 being 
held at 0.3 atm. This yields an almost identical value for Δρ. Whether or not the rates of 
ascent were optimum does not have tobe considered here. Symmetric gas uptake and elimina­
tion could be assumed if the tension excess of 3.9 ft (or perhaps lower) should prove consistent 
with satisfactory linear decompression formats for a range of ambient Po^ using a half-time 
for He of approximately 160-180 min. 

Discussion and Summary 

The evidence upon which the above observations are based is admittedly circumstantial, 
since the optimal rate of ascent from a very deep saturation dive has not been determined. 
Whether linear ascent is the best method remains to be proven; but it has some logic in that 
only a small excess of inert gas tissue tension can be sustained over a long period of time with­
out undue risk of nucleation. For linear decompression over a long period of time, the same 
logic suggests that excess inert gas tissue tension should be held very low. 

As previously indicated, there is no simple criterion for distinguishing between a silent 
bubble theory and a stochastic concept of nucleation. Fortunately, there is no urgent reason 
to make such a distinction. In looking ahead, several aspects of decompression deserve atten­
tion: 

1. A detailed decompression model projected upon a concept in which facts are nebulous 
can be deceptive. For example, Nims (9) recognized that gas might become separated into a 
rigid cavity, in which case one would not expect a simple pressure-volume relationship to 
obtain. (In any case, there is no compelling reason to assume that the rate of inert gas elimina­
tion would be appreciably retarded if a rigid cavity were formed.) 

2. The perfusion-diffusion issue has been entirely omitted from the foregoing comments, 
which seems entirely justified when attention is restricted to saturation dives. Current trans­
port models based upon a field of extravascular diffusion [for example, the concentric cylinder 
model suggested by Hills (7)] assume transport functions that can be approximated by an 
ordinary exponential decay function. A practical problem of far greater urgency is the esti­
mation of maximal half-saturation times, for only when this problem is solved will it be pos­
sible to examine in a reasonably precise manner the symmetry (or lack of it) between inert gas 
uptake and elimination. 
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5. As Bateman (1) clearly recognized, the problem of predicting bubble growth cannot 
be separated from that of estimating effective saturation curves. Decompression theory is 
based upon the model of a uniform homogeneous transport system; in practice, there are few 
alternatives. Almost certainly, however, a more realistic concept is a multiple, small-scale 
heterogeneous system relating to our formal model only in a statistical sense. 

4. It may be, of course, that half-saturation time is a function of a number of conditions, 
for example, ambient P02, level of activity of the diver, and, possibly, hydrostatic pressure. 
Thus a critical test of the hypothesis of silent bubble growth requires fairly rigorous controls. 
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DISSOLVED GAS WASHOUT AND BUBBLE ABSORPTION 
IN ROUTINE DECOMPRESSION 

Hugh D. Van Liew 

The variabiUty and unpredictable nature of decompression sickness are evidence that many 
factors are involved—there is more to the problem than a simple supersaturation ratio which 
a diver must not exceed. In experiments where animals or men are subjected to standard super-
saturation ratios, some factors have been identified—surface tension of the blood (15), state 
of the autonomic nervous system (3), body size (8), exercise (1), and solubility of the super­
saturating gas (2). The experiment presented here focuses on another factor, the probability 
of bubble formation and growth. 

Piccard (9) presumed that bubble formation was a chance phenomenon—that whenever 
there was supersaturation, there was a probability that bubbles might form, and that the 
probability increased as the degree of supersaturation increased. Accordingly, there is at least 
a chance of bubbles forming during any decompression, and once formed, a chance that the 
bubbles may do damage. In a symptomless decompression, therefore, either bubbles do not 
chance to form, or else the bubbles that do form are present in small quantity or in insensi­
tive locations. 

To test the idea of the chance nature of bubble formation, we subjected rats to a maneuver 
that would drastically increase the probability that bubbles would form or grow. Rats were 
given a highly soluble gas (N2O) to breathe after they had reached surface following a de­
compression. Nitrous oxide should act as a ^^bubble amplifier^' to reveal ^^silent'' bubbles 
by causing them to expand. Nitrous oxide will diffuse into a N2 bubble 11 times faster than N2 
will diffuse out (10), and therefore it can be expected to cause rapid expansion of any bubbles 
that exist (14). It is also possible, however, that the N2O may facilitate nucleation of new 
bubbles. The N2O was never supersaturated; the animals breathed 80% Ν2θ-20% O2 at 
atmospheric pressure. Because they breathed the mixture instead of air, washout of N2 was 
actually expected to be more rapid in the N20-breathers. 

Methods 

Female rats, six at a time, were put into a U.S. Navy chamber, and compressed with air 
to 165 ft (6 atm abs) at a rate of approximately 25 ft/min. If the animals showed unusual 
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Results 

Table I gives numbers of rats that showed severe signs (including death) and numbers that 
died. In both categories, incidence was higher in rats given N2O after reaching the surface 
than in control rats that continued to breathe air. The increased incidence was usually two- or 
threefold, as in the overall totals, in which incidence of signs including death was approximately 
30% for controls and 70% for N20-exposed rats. The effect remains after á delay of 10 min 
between surfacing and the beginning of N2O exposure. Detailed analysis of the differences 
between the 1, 3, 5, and 10-min delay groups is probably not warranted, since there was such 
large variability between the air-breathing controls for each group. 

excitement or evidence of pain, rate of compression was slowed. They remained at 6 atm abs 
for 110 min, then were decompressed at a rate of 50 ft/min. On a few occasions, decompres­
sion was stopped for a few seconds when the rats showed great excitement, probably due to 
noise. 

After decompression, the rats were brought out of the chamber and divided into two groups. 
One group of three was left in a cage breathing air and the other put into a glass jar through 
which a mixture of 80% Ν2θ-20% O2 flowed at a rate of approximately 5 L/min. Both groups 
were observed for signs of decompression sickness. Of the rats receiving N2O, some were put 
into the environment as soon as possible (approximately 1 min after surfacing), and others 
were purposely left in air for a 3-, 5-, or 10-min delay before being put into N2O. In all cases 
they remained in the N2O environment for 60 min. 

In the N2O environment the rats were narcotized, but not completely anesthetized. They 
usually sat upright and sometimes crawled around, but not in a well-coordinated manner. 
When brought out of the N2O environment, they regained full consciousness and alertness 
in 5-10 min. 

All rats were observed for 90 min after the decompression, after which they were put into 
their home cages and checked the following morning. Only severe, unmistakable signs of de­
compression sickness were recorded. Besides death, such signs noted were markedly labored 
abrupt breathing, limping, and convulsions. Sometimes death was the first sign to occur. In 
a few cases in which signs were very severe, the rats were purposely put to death. It is not 
certain that these would have died, however, for several times rats with severe signs recovered, 
apparently completely, after a day. Less certain signs of decompression sickness which were 
not recorded were coughing, standing on the hind legs in the corner of the cage, exceptional 
grooming, industrious tail grooming, moderately labored breathing, irregular breathing, 
piloerection, and jumping as if from pain (especially in hind quarters). 

Forty-two of the rats were used twice, with at least 21 days intervening between uses. In 
all, 155 Wistar strain rats were used; weights were between 150 and 290 gm, and mean weight 
was 216 gm. 

During compression the rats huddled together, appeared anxious and uncomfortable, 
shook their heads, sometimes ran about the cage in great excitement, and on one occasion a rat 
convulsed. At pressure, they usually explored, groomed, and engaged in social activity during 
the first hour and slept during the second. During decompression they usually buried their 
heads, tried to hide, and exhibited piloerection. 
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T A B L E I 

EFFECT OF BREATHING N2O AFTER SURFACING ON DECOMPRESSION SICKNESS INCIDENCE 

Delay time (min) 

N2O breathing Air breathing 

Delay time (min) Exposed Total hits» Deaths'* Exposed Total hits Deaths 

1 15 9 3 15 3 0 
3 18 12 7 18 9 6 
5 25 20 6 23 8 2 

10 18 10 4 18 3 0 

Totals 76 51 20 74 23 8 
Totals, % — 67 26 — 31 11 

° Both number of hits and number of deaths in N2O are different from controls with high statistical signifi­
cance, except in the 3-min delay group, in which the incidence of decompression sickness in the control 
group was exceptionally high. 

Control 

12 18 2 4 3 0 3 0 + 
T ime after decompression (min) 

FIG. 1. Time lapse after decompression before onset of signs of decompression sickness in rats exposed 
to different regimens. 
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5 0 - Γ 

Weight ( g m ) 

FIG. 2. Influence of body weight on the incidence of decompression sickness among the air-breathing 
control rats. 

The severity of the decompression sickness incurred with N2O appeared to be the same as for 
the controls: about 40% of those stricken died. 

Figure 1 shows time of onset of signs. Abscissa is time after surfacing and ordinate is percent 
of total number of rats exposed to a given regimen. With the control rats, most signs appeared 
within 12 min after reaching the surface, whereas with the N20-treated rats, many times signs 
appeared after 12 min. In the 5- and 10-min delay groups, signs appeared in some cases before 
the exposure to N2O, as would be expected from the appearance times in the control group. 

Part of the variabiUty seen in Table I may be due to unintentional differences in the weights 
of the rats in different groups. Figure 2 shows incidence of decompression sickness in the 74 
air-breathing controls divided into four groups according to weight. Incidence is about 20% 
from 150 to 214 gm, then increases until it is 50% for 225-290 gm rats. 

Discussion 

The results suggest that bubble nucleation and growth can be very important under the 
conditions of this experiment, i.e., when the animals are on the verge of decompression sickness. 
It seems that after surfacing, many of the rats maintain a '^potentiaF* which can cause decom­
pression sickness when the animals are given N2O. The potential may be "silent^* bubbles, 
the gas films that Hills has alluded to (6), or perhaps some other form. Other investigators 
have observed (5) or suspected (8) that their decompressed animals had bubbles even though 
there were no severe or lasting signs of decompression sickness. 

Washout of dissolved gas in a tissue is determined by the blood perfusion rate, the blood / 
tissue solubility ratio, and the difference between the PIQ reached by the tissue during the 
preceding stage and the P I G in the blood at the current stage. 
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The determinants of bubble size, however, are more complicated. Bubbles increase in size 
due to pressure decreases on going from one decompression stage to another. During a stage, 
bubbles may grow at first when partial pressure of inert gas in the tissue is greater than partial 
pressure of inert gas in the bubble, and then later shrink as gas diffuses out from the bubble. 
The eventual absorption of bubbles occurs because as the tissues become washed out, partial 
pressure of inert gas in a bubble becomes greater (by virtue of the O2 and CO2 tensions of the 
metabolizing tissues) than the inert gas in the blood, which is equilibrated with lung gas (4, 6). 
This "inherent unsaturation" varies from tissue to tissue, being greatest in tissues having a high 
arteriovenous O2 difference (12). 

It is not claimed that the existence of a "bubble potential" is the only possible explanation 
for the results of our simple experiment. However, if such a potential exists, the logical appli­
cation is to include some of the aspects of the cure of decompression sickness (11, 13) into 
routine decompression procedures. Tables could be modified to minimize the hazard of de­
compression by emphasizing prevention of growth and promotion of absorption of bubbles. 
Modification might include more use of O2, especially after surfacing; slower ascent rates 
between stops; and longer stops at depth, as Hills has suggested (7). However, modifications 
of workable decompression tables should not be undertaken hghtly. 
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DETECTION OF BUBBLES IN TISSUES AND BLOOD 

R. Stuart Mackay and George Rubissow 

One way to study bubbles is to look at them. The studies of Pudenz, Sheldon, and Restarski 
(11) involving a plastic calvarium placed on monkeys, and the more recent microscope observa­
tions of bubbles in the vasculature of the hamster cheek pouch (1) might be mentioned as 
examples. In such cases, surgery or other disturbance to the subject is usually involved, and 
this can render the results misleading. Though such methods have given valuable results, an 
alternative nondestructive method for observing bubbles in the intact animal would be 
desirable. 

An interface between a gas and either a liquid or a solid is a very good reflector of sound 
because of the great difference in acoustic impedance (product of density and sound velocity) 
across the boundary. Thus bubbles are well detected using ultrasonic energy. The velocity of 
sound in soft tissue is such that the wavelength of 15 Mc sound is 0.1 mm, and many sound 
imaging systems can resolve roughly one wavelength. The sensitivity of detection suggests 
using sound waves through the intact skin to study bubble formation during decompression, 
either by imaging individual bubbles, or by noting the attenuation or scattering of a sound 
beam traversing the tissue. Bubbles might have to become of some minimum size to exercise an 
effect, and the existence of ^'silent bubbles'' might be proven or negated by such methods. 
Degree of supersaturation might be measured for different sites and the onset of too much 
overpressure at any decompression stop indicated in the preparation of a diving table. These 
considerations were noted and prompted the report at the 1963 Symposium of the successful 
observation of bubbles produced by the decompression of a rat, while using a low intensity 
pulsed ultrasonic imaging system (6) . 

The cycling pressures associated with an intense sound wave can trigger the formation of a 
bubble or ^^pump up'' an existing one. The sound intensity mentioned in the above was 0 .001 
W/cm^, and this still seems like a rather appropriate value in many cases. The ultrasonic 
transducer and the subject were both immersed in degassed water to assure good acoustic 
coupUng, the animal having been shaved and a depilatory cream appUed to minimize external 
bubble collection. The appearance of this equipment has been reproduced elsewhere (10) . 
The method was suggested as supplying an objective endpoint in decompression or super-
saturation studies, as well as having direct applicability in diving practice. 
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FIG. 1. Ultrasonic echo system for obtaining cross-section images of body structures through the intact skin. 
Scanning allows the entire pattern to be mapped on the second variable intensity oscilloscope, while the first 
displays the pattern of echoes as a function of time or depth for any one position. By permission of the 
publishers (8). 

Pulsed ultrasonic energy has previously been used to image internal body structures using 
sonar-Hke systems [for example, see Howry (5)]. In soft tissues more detail can be seen than in 
an X-ray image, and repeated observations need not produce the harmful effects that can 
accompany radiography. In such systems, a short electrical impulse applied to a piezoelectric 
crystal generates an outgoing sound w^ave, part of which is reflected back at each successive 
interface traversed. The successively returning echoes strike the crystal to generate voltages 
that are applied to a television system to display the various regions in the subject, a cross-
section image being built up with suitable scanning (Fig. 1). The scanning action can consist 
of two separate motions of different speed, w^hich allows the viewing of each point in the 
subject from all directions in the scanning plane so that echoes reflected off in any direction are 
eventually seen and recorded. Such a compound scanning acoustic probe ŵ as used initially, 
but we have recently found a simple scan useful and much less demanding in mechanical 
precision. A concave lens may be placed before the piezoelectric element to focus the sound 
(Fig. 2). Coupling to the subject must be through a path of liquid or grease for good sound 
transmission. Low sound frequencies generally provide greater penetration and less resolution 
than high frequencies. 

Others have worked with these methods. Walder, Evans, and Hempleman (14) used a 
commercially available pulsed ultrasonic system with the transducer held in contact with a 
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FIG. 2. Focusing action of a concave lens on ultrasound as visualized in a Schlieren light optical system. 
The streaks in the lower part of the figure are due to imperfections in the camera lenses used to construct the 
optical system. Similar sound image visualization can be used with biological subjects at reduced intensities 
if the brightness of a laser is used as the light source. By permission of the publishers (8). 

fold of back skin of the test animal. They noted that after decompression, the proximal re­
flection was unchanged, but the distal reflection decreased in size after a small delay. Re­
compression restored the original pattern. Again, the decrease in distant echo ampHtude 
presumably was due to increased tissue opacity accompanying the formation of minute bubbles 
in the intervening region. 

The measurement of blood flow using the Doppler shift principle was demonstrated by 
Franklin, Schlegel, and Rushmer (2) . Briefly described, a moving interface returns a sUghtly 
different sound frequency from that incident. At a piezoelectric crystal energized at, for 
example, 10 Mc, there will be a combination of the direct signal frequency and one slightly 
different reflected from anything moving, and these two frequencies will beat to give a differ­
ence frequency proportional to the velocity. Such units are suitable for either implanting 
or transcutaneous use, and for typical velocities of the formed elements in blood returning the 
sound, the difference frequencies generated conveniently fall in the human audible range. Such 
devices have been developed and are commercially available at a relatively low price. 

Gillis, Peterson, and Karagianes (4) used a Doppler unit to indicate moving bubbles in 
the vascular system. A unit implanted on swine vena cava gave audible ''chirps'^ as gas bubbles 
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FIG. 3. Scattering by bubble and by rigid sphere. A bubble is a much more effective scatterer of sound than 
a similar size rigid sphere if the circumference is less than twice the wavelength. At the left, the curves display 
the familiar fourth-power falloff, and at the right, the curves coincide. At a frequency of 15 Mc, the resonant 
bubble size is sHghtly under 3^ μ. 

passed through the vessel following decompression. There was occasional total signal loss. 
Circulating emboH were noted before the first decompression stop recommended for man. 
Transcutaneous observations were also made on dog, swine, and a goat (3). 

Spencer and Campbell (12) implanted Doppler flow transducers on the inferior vena cava 
and descending aorta of sheep, and observed ^'whistles'' and then a **roar" during decom­
pression. An implanted electromagnetic flowmeter on the aorta disclosed artifact voltages'' 
simultaneous with the Doppler-detected bubbles. Bubbles were found in the venous blood of 
sheep at pressures greater than the usual first decompression stop for man. 

We might note that these Doppler meter clicks are not only easily noticeable, but are an 
interference to blood flow observations in at least the monkey in altitude chamber studies. In 
studying bubbles in the blood, such a system has the advantage that no information about 
stationary structures appears, and thus there is not a confusing mass of echoes to interpret. 
But for the same reason, there are no reference points to tell where the bubble is, a given bubble 
cannot be followed, and if a bubble expands to fill a part of the vascular system and becomes 
stationary, it then becomes invisible. Similarly, stationary bubbles in tissue cannot be seen. 

Most Doppler systems work at an unspecified sound intensity, often just under a level 
which would produce periosteal pain or burns. This is higher than that mentioned in connection 
with the pulsed system, and could encourage bubble formation; intensity could be reduced if 
bubbles rather than the formed elements in blood were the only scatterers of interest. 
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FIG. 4. Example of the inversion of a sound pulse at a more dense to less dense reflection, and no phase 
change when the reflection is of the opposite kind. 

Tucker and Welsby (13) have noted that a sound wave applied to a bubble will result in the 
production of some second harmonic, that is, some sound of twice the original frequency will 
be returned along with that at the basic frequency. In compressing a gas bubble, one would 
expect significant nonlinearity, that is, this process could be relatively effective. However, 
low sound intensities must be employed, and this minimizes the effect of that nonlinearity; the 
mathematical expression for the second harmonic term should involve the square of the 
incident sound intensity, and thus that expression is reduced by involving the square of a small 
fractional number. In practice, any nonlinearity in the overall system could also generate a 
second harmonic which might drift in magnitude to confuse readings. It will be interesting 
to follow this proposal. 

If bubbles approximately uniform in size are involved in these observations, then adjusting 
the frequency to resonance could give a much increased signal (Fig. 3). This well-known curve 
also shows the drop in noticeability of a bubble which is smaller than a wavelength of the 
sound (the Rayleigh scattering range). 

Other possibilities exist in connection with imaging systems. Sounds reflected at a less dense 
to more dense interface are returned without a phase change, whereas a reflection in the oppo­
site sense, as from a large pocket of gas, results in an abrupt change in phase of 180° (Fig. 4). 
Thus a strong return of inverted phase might generally be interpreted as representing a 
region of gas, and this could be displayed in a different color on a colored cathode ray tube 
to make a more noticeable display. For example, the signal could be integrated to display areas 
rather than just boundaries, and all echoes of the original phase could be shown in blue, 
whereas those of reversed phase might appear in red. (Some weaker reflections from tissue can 
also have reversed phase.) A similar discrimination can be made by transmitting a continuous 
wave mixed with some of its own second harmonic; this will return with a different wave 
shape after reflection from a gas interface. 

Pulsed Doppler systems have been constructed that show not only the position but the 
approximate velocity of reflectors. Such a device could have applicability in the present case 
for specialized studies, but probably the simplest possible indicator of the appearance of free 
gas would be desirable in anything approaching a warning indicator by which divers might 
slow or reverse their ascent. 

We are continuing work with the pulsed scanning system. A photograph of the apparatus 
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FIG. 5. Small rectangular compression chamber with Lucite front. In the side is the sound window, beside 
which is the transducer assembly immersed in a water trough. The scanner and pulse circuits are supported 
by a modified drill press for stability with ease of manipulation. 

is given in Fig. 5. Here a simple scan is used at an acoustic window in the side of the small 
pressure chamber. The window is of 5-mil Mylar sheet clamped in a retaining ring after the 
edge has been melted into a rim with the help of a soldering iron. This window is \ \ in. in 
diameter and readily withstands a pressure of 200 psig, while not distorting the image. The 
transducer oscillates through a full cycle 10 times per second without enough mechanical 
vibration to distort the image. The transducer can readily sustain pressure changes without 
problems, but in the present case, manipulation is made easier by placing it outside in degassed 
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FIG. 6. Ultrasonic image through thigh of guinea pig. At top, with sound source to left, the near and far 
skin layers are seen at left and right, with the flattened bright spot being the bone. Compression was to 120 psig 
of 5% O2 and 95% N2 for 2 hr and 20 min. Linear ascent was 2 min to atmospheric pressure. The images are: 
(a) before compression; (6, c, d, and e) 1 min, 1 min and 30 sec, 1 min and 35 sec, and 1 min and 50 sec, re­
spectively, after ''surfacing." Note rapid formation of bubbles and obscuring of rear surface. 

(boiled) water. The animal is held in a harness from the chamber top rod which can be rotated 
and translated through an ring'̂  seal. 

The electric pulse appUed to the transducer 3000 times per second has a duration of 50 
nsec and has a 500-V amplitude; this also appears at the input to the sensitive amplifier. 
We are presently using a 10-Mc transducer and lens that give a range resolution of 0.15 mm 
and an azimuthal resolution of 1.5 mm, the latter being the effective thickness of the slab 
observed in one scan. 

Representative images are shown in Figs. 6-8 which depict cross sections of the upper right 
hind legs of a hamster and two Hartley guinea pigs. These last two involve different degrees of 
initial saturation. In each case, the animal was shaved and then a depilatory cream (Neet) 
applied for 4 min. The chamber was filled to over the sound window with physiological saline 
maintained at 33°C. The air was changed every 5 min. 

Echoes probably due to bubbles appeared a few minutes after the animals decompressed 
to atmospheric pressure. Upon recompression, there was some immediate diminution in these 
echoes, and then gradual disappearance (at these amplifier gain settings) after approximately 
10 min. Decompression more readily caused them to reappear the second time, suggesting that 
they were not totally removed. 

If fast aspects of events are to be followed, the ultrasonic image converter tubes described 
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FIG. 8. Transverse ultrasonic image of hamster leg: (a) before compression; (b and c) after decompression. 
Compression was to 103 psig (8 atm) for 2 hr on 5% O2 and 95% N2. Images 1 min and 5 min after a 2-min 

linear ascent show vigorously increasing bubble activity which was fatal despite treatment. 

by Jacobs, Smyth, and Turner [see MacKay (7)] could be important. In studying human 
subjects, it may be sufficient to extract blood, which has equihbrated with tissues, from the 
vena cava through a cuvette heated to 37°C. Most ultrasonic equipment can function effec­
tively inside decompression chambers if this is desirable. It should be possible to rapidly check 
uncertain parts of any decompression table employing only a few persons in whom the ultra­
sonic criterion of bubble appearance would be used. Of interest would be the site of bubble 
appearance for failure at different parts of a decompression schedule, that is, do regions of low 
perfusion bubble during the last stages of decompression? Degree of supersaturation in a given 
body region can perhaps be measured by inducing bubbles in a known way with more intense 
ultrasound. The exact situation with ''silent bubbles^^ still remains to be studied, as do the 
fundamental postulates of the onset of decompression sickness. In terms of diving practice, 
it may prove that the appearance of any bubble in a decompressing diver is cause for modifica­
tion of the overall schedule. From long-term saturation dives, it may be possible to tell if 
altered blood flow patterns while asleep and awake during decompression demand periodically 
changed schedules. Successes in transmitting information through a watery medium (9) 

FIG. 7. Cross section of crouching guinea pig leg monitored continuously throughout decompression, 
therapeutic recompression, and final stage decompression. A simple sector scan was used maximizing bubble 
reflections relative to normal tissue reflections. The crescent was a double reflection between the window and 
transducer. Compression was to 120 psig for 60 min with 5% O2 and 95% N2, while all subsequent procedures 
were on air. The scans are (a) before decompression; (b-e) bends following decompression, at 1, 5, 9, and 12 min, 
respectively, after surfacing by a 2-min linear ascent; and (f-o) recompression to 78 psig, and treatment. 

Recompression over 2 min was initiated 13 min after surfacing. Reflection reduction is seen 3 min after 
recompression at / , while gr at 10 min shows almost complete reduction with return of original appearance. 
The remaining scans during decompression over 10 hr show bubble reappearance with upward steps, which 
correlated with noticeable animal discomfort, and gradual return to normal. 
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suggest that this objective test for bubbles may be apphed to free-swimming animals and 
humans in future experiments, and probably will settle the classic questions about whales and 
decompression sickness. In humans, it would be interesting to verify bubbles at the site of pain 
rather than elsewhere. Thus far, with a commercial transcutaneous flowmeter, we have not 
seen moving bubbles in human divers at the site sensation. 

Even the eye can safely be studied, and similar methods should allow evaluation of changes 
in the elastic properties of the lens (9) for assessing long-term disturbance by O2, etc. 
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Part IV. FUNDAMENTALS OF INERT GAS EXCHANGE 
AND BUBBLE FORMATION 

DISCUSSION 

R. E. Förster, Chairman 

Dr. Spencer: I wish to summarize our findings involving bubble detection using the Doppler ultrasonic 
flowmeter. 

We find that the bubbles are detectable in the venous blood in the large veins before they are found in 
the large arteries. They occur in sheep before very severe signs and symptoms of decompression sickness occur. 
We also find some delay in the formation of the bubbles; that is, if we decompress the animal too rapidly, the 
bubbles will not be detected until the animal has such severe bends that the detection is not useful for pre­
ventive purposes. Therefore, slow decompression is necessary (apparently about 2 min is necessary at 60 
ft/min decompression) to permit the bubbles to be detected in the large veins. 

We have found these bubbles in the veins as long as 24 hr after decompression without any overt signs or 
symptoms of decompression sickness, and we find that recompression makes them disappear. Very recently we 
were able to detect bubbles in the brachial vein of a human subject who was decompressed after an exposure at 
300 ft for 15 min on air. The exposure and decompression were for the purpose of checking equipment, but the 
subject developed skin lesion over the right biceps. Bubbles were clearly heard in the brachial vein 
between the lesion and the heart but were not present in the rest of the body, so it appears they are now defi­
nitely associated with minor symptoms in human subjects. 

Dr. Lambertsen: It seems that there are two very tightly related matters under discussion. One concerns 
the concept of continuous multiple occurrence (and resolution) of bubble nuclei, and the other concerns de­
tection of bubbles. We should now consider whether we can resolve the question of the occurrence of multiple 
nucleation by use of the Doppler and electromagnetic flowmeter techniques or whether the techniques adapt 
themselves only to such large bubbles that they are not going to be really of any use in studying the initial 
stages of bends. I interpret Dr. Spencer's findings as indicating that the methods are sensitive if aimed at 
venous blood. 

Dr. Buckles: In response to that, I think that in all animal studies we are working at the present time with 
a response far more gross than we ever work with in humans, and we need a more subtle endpoint. There are 
three that I can think of. One is an absolute measure of the appearance or existence of a bubble. Another, from 
a physiological psychology point of view, would be a test of performance changes to determine when an animal 
has bends at a much more subtle level than we now use. The third would be the use of biochemical parameters 
of stress. 

I do not know which of the three is going to give us the proper endpoint, but until we have a much more 
subtle endpoint than we now have, the results that we obtain from decompression studies on small animals 
just are incapable of extrapolation to any experience with man. 

Dr. Hills: I would like to emphasize that this discussion has been mainly about bubbles, which represent 
a late phase of decompression sickness, but bends need not be initiated in the form of gross bubbles. Therefore, 
I think that the best experimental endpoints involve the occurrence or nonoccurrence of symptoms. This is 
the only way in which we can guarantee that we are dealing with the responsible tissue type. 

Dr. Mackay: Then you are right back to the old question. One of the purposes of use of detectors is to 
find out if silent bubbles exist. Do bubbles (assuming that they are bubbles and there seem to be indications 
that they are) have to reach a certain size before they start exerting symptomatic effect? 
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One of the problems with the ultrasonic technique, and something that has to be considered very carefully, 
is the fact that all these nucleation phenomena are highly regenerative, of course, and the technique itself can 
act as a trigger. If you go to Yellowstone National Park and throw a bar of soap in the quiet pool, you have a 
geyser all of a sudden. Similarly, sound waves can trigger or start a very small aggregate to aggregating even 
faster. So those groups that have studied cloud chambers and bubble chambers have given some attention to 
what happens in sound fields, and it certainly is true that if the detection device is used improperly you may 
get misleading results. 

I strongly suspect that if a deep-sea diver who is decompressing at the optimum rate (and the fastest way 
for him to decompress is to always be on the verge of decompression sickness) were hit by a sonar beam, he 
would suddenly get the bends. 

Dr. Campbell: Does Dr. Mackay know of any experimental evidence where nucleation was generated by 
ultrasound in animals or human subjects? We have done a great deal of transcutaneous Doppler work in the 
chamber on human subjects as well as animal subjects and have never been able to correlate the appearance of 
bubbles with outward signs and symptoms of decompression sickness necessarily. Sometimes bubbles would 
appear when there were no signs and symptoms, and sometimes bubbles appeared when there were signs and 
symptoms. 

Dr. Hills: There is one series of experiments which I did in which I titrated goats after 6 hr. They would 
not bend at 45 ft, nor at 50 ft, and then bent at 55 ft. Then I exposed them to 55 ft and decompressed them 
just on the brink of a dangerous state. I then put their legs into an ultrasonic bath but have never been able to 
induce symptoms by this means. 

I think this is compatible with the phase equilibration concept as opposed to critical supersaturation where 
you would expect the excess energy would provide a little extra stimulus, or the AG of Buckles to induce an­
other gas phase if it was supersaturated. 

Dr. Mackay: With more intense ultrasound, at sound intensities less than the cavitation level, we have 
seen bubbles induced, but we haven't really pursued this far enough to know at what levels really it is happening. 

Dr. Van Liew: The question is does sound increase the formation of bubbles. I would like to suggest a 
very simple experiment. Decompress rats from 6 atm on air for 2 hr as I did, and you'll get a 30% incidence 
of decompression sickness. Put some of them in a sound field and find out if the incidence increases. 

Dr. Buckles: We have used ultrasound at two different frequency levels and for two different reasons. 
This goes back to the work of Goldman and others back in the mid-1950's, where they did determine the 
threshold for cavitation as a function of frequency of plasma and various tissues of the body. The observation 
was that at low frequencies, 20-50 kc, with very low sound energies cavitation indeed occurs very quickly, and 
I have used that to induce bubble formation in the cheek pouch of hamsters. It works very nicely. However, 
on going up to about 100 kc the energy requirement starts to increase logarithmically and the energy require­
ment at 1-10 Mc, which is the kind of range we all are working with, is enormous. 

We have tried with Dopplers, using the energy we have available, to crank them up to maximum energy 
to see if we could induce cavitation in water, in supersaturated solutions of CO2, and we have been unable 
with the currently available or commercially available Doppler to ever induce any cavitation. There is always 
the probability, but I consider it low. 

Dr. Hempleman: As comment on Dr. Van Liew's suggestion, we have in fact done the experiment of an 
exposure of rats to a nonlethal concentration of inert gas, decompressed them and then put them in an ultrasonic 
field, and in fact they do bubble. But it is the acoustic coupling that is the critical factor. We find that if you 
put an ordinary furry rat into a water bath and attempt to radiate with ultrasound, the absorption of sound 
through the fur is so considerable that nothing happens, but if you shave the animal then it certainly cavitates. 

Dr. Spencer: I hate to belabor that point on the causation of bubbles with ultrasound, but I think it 
behooves every investigator to investigate his own techniques. We did that by putting two transducers on the 
vein and the one that is upstream, when it is on or when it is off, does not generate more bubbles than that 
one that is downstream. 

The second point that might be made is that if you find that the system you are using is indeed forming 
bubbles, it still could be a useful indication of a supersaturation state. 

Dr. Doebbler: Dr. Van Liew, in your suggestion about possibilities for ways of decreasing decompression 
sickness in small animals, were you not suggesting really that in going from a rapidly diffusing gas to a slowly 
diffusing gas during a decompression that diffusion limitation is going to be the important factor? We have 
tried the reverse sort of thing with rats going from Ar to He and have found a marked improvement, where 



DISCUSSION: IV 163 

from our perfusion-limited model calculations most of our compartments are increasing total gas tension during 
a period when bending symptoms are decreasing. 

Dr. Van Liew: It depends on whether you have bubbles present. My explanation for the results of Keller 
and Bühlmann is that if you have a bubble there is going to be gas inside diffusing out, and if you change the 
gas outside you will change the gradient for that particular gas. You should put a gas on the outside that is 
going to diffuse into the bubble less rapidly than the gas that is inside is going to diffuse out. 

We ran a model experiment of this by making a SFe gas pocket, and then let the rat breathe air. In that 
case N2 comes in fast, SFe goes out slowly, and the gas compartment volume increases. And that is what led 
us to devise the experiment with N2O which is the same principle. So if you just turn it around and put, say, 
N2O on the outside, the N2 will go out of the bubble faster than the N2O will go in and this will cause a sort 
of step decrease in bubble size. Then from then on the N2O will tend to go out slowly, but this big step may 
have gotten you out of the trouble zone into the place where the bubble will decrease very rapidly. 

Dr. Doebbler: I misunderstood your suggestion originally because I was considering this in applying a 
change of gas without having preformed bubbles as the condition for decompression. You are presupposing 
bubbles already formed and are trying to control this situation once it occurs. 

Dr. Van Liew: That is right. This is an important point; but the point is that if there are bubbles, then 
this is a way to get at them. If there are not bubbles, then changing of gases may change your rates of washout 
in other ways. 

Dr. Doebbler: Dr. Hills, it would seem that composition changes would be more important or could 
be equally as important as multiple phase formation in a system in terms of affecting conductivity. Have you 
considered, at least theoretically, the various parameters that are going to contribute to conductivity changes 
and is it fortuitous that there is correlation to what should be multiple phases in your system? 

Dr. Hills: The measurements were done upon excised tails, of course; the animal was dead. And the only 
effective change is in absolute pressure. There could be conductivity changes within the fluid, but I very much 
doubt that it came to the 10% level which was recorded in these experiments. 

Dr. Lever: I think we worry a lot of people by the fact that we have observed decompression sickness in 
mice with SFe without the appearance of evident bubbles. I suspect, though, that bubbles are present because 
we have done very similar experiments to those Dr. Van Liew has done. We have recompressed the animals 
which had SFe decompression sickness, using rather low pressures of gases like He, N2, and N2O. These are 
pressures that would never cause bubbling in animals when used alone, or even in mixtures with SFe. We find 
that on a subsequent decompression the animals are absolutely full of bubbles. 

I think this is an important point because it does imply that with SFe at least there are bubbles in the 
animals which are causing gross signs of decompression sickness but which are very difficult to detect either 
optically or, I think, using ultrasonic techniques or techniques of this nature. 



COMPARATIVE APPROACHES TO PROPHYLACTIC 
DECOMPRESSION 

D. J. Kidd, R. A. Stubbs, and R. S. Weaver 

The purpose of this paper is to examine the concepts used by various investigators in com­
puting prophylactic decompression schedules. These concepts are discussed under three main 
headings: (1) body tissue gas transfer, (2) body tissue models, and (3) ascent criteria. 

Under each of these headings a general model can be hypothesized. The actual methods of 
computation used by different groups of investigators can be shown to be adaptations of the 
general models. 

Concepts 

BODY TISSUE GAS TRANSFER 

The sahent features of gas transfer concepts are summarized in Table I. 
The transfer of gas throughout the body's tissues has traditionally been considered a linear 

process in which the mass flow of gas is proportional to its partial pressure gradient (1). In 
a more simple physical system, however, mass flow of gas is nonlinear; the flow is proportional 
not only to the pressure gradient, but also to the mean absolute pressure of the gas. In such a 
physical system, mass flow approaches linearity when the pore size of the material through 
which the gas flows is small in comparison with the mean free path of the gas—that is, for 
gases of low molecular weight at low absolute pressures (19, 22). Thus the transfer of gas 
throughout the body's tissues is a linear process only under special conditions. 

Nonlinearity in gas transfer causes a difference (asymmetry) between the rates of satura­
tion and desaturation. Saturation of the tissues is faster than desaturation is under the same 
pressure gradient. This asymmetry is greater at higher absolute pressures. Hempleman (7) 
suggested that asymmetry might explain his findings with experimental animals. 

Table II shows the degree of the asymmetry in a four-compartment series pneumatic analog 
computer (11). Asymmetry between saturation and desaturation is shown in differences be­
tween half-times when the gradient is reversed. 
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TABLE I 

BODY TISSUE GAS TRANSFER CONCEPTS 

STUBBS, AND R. S. WEAVER 

Proponents 

Linear 
Mass flow of gas or Ptissue α ΔΡ 

—time constants are constant 
—saturation and desaturation equal 

(symmetrical) 
Mass flow of gas or Ptissue α AP(A + P) 

—time constants decrease with increase 
in absolute pressure 

All but Canada 

Nonlinear —saturation faster than desaturation 
(asymmetrical) 

—approaches linearity for small pore 
size, low gas molecular weight, and 
low absolute pressures 

Canada 

BODY TISSUE MODELS 

The concepts of the body tissue models under consideration here are shown in Table III. 
The ideal model may be considered to be a continuous slab of tissue in which the tension 

of inert gas varies as a function of time and distance from a capillary. Hempleman (6) and 
Hills (9) are the main proponents of this model, a concept that might explain many natural 
phenomena. 

Hempleman has been primarily concerned with the total gas flow into the tissue slab, 
whereas Hills has been more concerned with the peak gas tension within the slab. Although 
there is little difficulty in constructing a practical analog to deal with the two variables (gas 
flow and time) involved in the Hempleman concept, there is a major problem with the three-
variable (gas tension, location, and time) Hills model, since inert gas tensions can be read out 
only at discrete distances from the capillary. 

T A B L E II 

COMPARTMENT EFFECTIVE HALF-TIMES (Tm) FROM SATURATION 

FOR M K V S PNEUMATIC ANALOG COMPUTER 

Initial 
saturation Final 

depth depth 

Method 
of change 

to final 

7̂ 1/2 (min) 

Single 
compart-

4 Identical compartments in series 

(FSW abs)(FSW abs) depth ment 1st 2nd 3rd 4th Remarks 

0 33 Step 27.7 39 168 262 304 
Fastest method 

33 0 Step 29.4 50 177 274 317 1 Fastest method 

33 0 Continuous 
ascent 

62 402 597 705 750 R = 1.44 
C = 0 

33 145 Step 18.1 26 100 170 200 
145 33 Step 20.8 37 129 192 222 Standard single 

compartment 
Ti/i calibration 
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Proponents 

Distributed Continuous tissue ''slabs'' 
Ptissue a f (time, distance from capillary) Hempleman 
In practice can only be read out discretely Hills' Thermal Model 

Lumped Discrete tissue "compartments" 
tissue a f (time) Bühlmann 

Parallel configuration Haldane: 5̂  U S N : 4 
Each compartment independently communicates Dieter: 2 to 3 Canada:4 

with gas source Schreiner: 11 + Workman 
(M value): 9 

Series configuration 
First compartment communicates with gas source. Hills: 27 

other compartments serially connected with first 
In the limit, large number of series compartments Canada: 4 

approximates a distributed system 

" These model concepts were obtained from Hempleman (6), Hills (9), Bühlmann (3), Haldane (1), Dieter (4), 
U.S.N, (20), Canada (17, 18), Schreiner and Kelly (16), and Workman (M value) (23). 

* Number after proponent indicates number of tissues considered in model. 

This difficulty has been overcome by considering a lumped system of discrete compart­
ments. Kaldauens original hypothesis of parallel tissue compartments (1) has the advantage 
of possessing inherent analytical simplicity because of compartment independence. The Cana­
dian approach (17) was initially based on the Haldane hypothesis, but evolved into a series 
configuration concept that is similar (18) to the continuous slab or distributed concepts (9). 
The series configuration concept has a practical advantage in that longer tissue half-times 
can be achieved simply. 

ASCENT CRITERIA 

Most of the concepts analyzed herein assume a linear relationship between the absolute 
pressure of a minimum safe ascent (Psafe) and the maximum tissue inert gas partial pressure 
(Ai88ue); that is , 

Psafe ^ (Aissue/Ä) — C 

in which R and C are constants. 
Expressed in terms of the saturation ratio concept (iC), this calculation becomes 

Κ = Aissue/Psafe = Ä [1 + (C/Psafe)] 

or, when expressed in terms of the differential pressure concept (ΔΡ), 

ΔΡ = -Ptissue ~ Psafe 

= Psafe (β - 1 ) + AC 

Our classification of the concepts of various investigators is shown in Table IV. 

T A B L E III 

BODY TISSUE MODEL CONCEPTS" 
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T A B L E I V 

ASCENT CRITERIA FOR DECOMPRESSION^ 

Constant Κ 
C = 0 

Variable Κ 
C 9^0 

Constant ΔΡ X = 1 ; ΔΡ = 0 

X = 1 + ^ ; ΔΡ = C X = 1 + ^ ; ΔΡ = C 
R = 1 Peafe 

Must terminate Canadian Modified Hills Hills 
decompression with Rashbass 
jump to be practical 

Variable Δ Ρ Κ = R;AP = Psafe (R - 1 ) / C \ 
Κ = R Ι + / - ) ; Δ Ρ = Psafe (R - I) + RC 

R 9^ 1 ^ Pnafe/ 
Workman \ ^ Mo 
Schreiner / 

Mo 

Canada: Ä = 1 . 4 4 R 
Hempleman C 

R 

= A 
= 3 0 

= 0 . 8 

«The ascent criteria were obtained from Hills ( 9 ) , Rashbass ( 1 3 ) , Canada ( 1 1 , 1 8 , 1 9 ) , Workman ( 2 3 ) , 
Schreiner and Kelley ( 1 6 ) , and Hempleman ( 8 ) . 

W o r k m a n AF va lue 

Π — " 1 — ' " - I r — r r — η 1 
8 0 1 0 0 1 2 0 1 4 0 1 6 0 180 2 0 0 2 2 0 2 4 0 2 6 0 2 8 0 3 0 0 

(absolute inert gas pressure in F S W ) 

FIG. 1 . Ascent criteria for air decompression plotted from equations set out in Table I V . 
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The most general of these concepts using a linear dependence for ascent from depth occurs 
for C 0, in which Κ decreases and AP increases with depth. At altitude, Κ approaches an 
infinite value in those cases in which C 9^ 0. 

Certain ascent concepts are based on the assumption that a hnear connection exists between 
Psafe and ^tissue. It is posslblc, however, to postulate a nonlinear relationship between 
these pressures. Hempleman (8) in his decompression computations for caisson workers and 
Bühlmann (3) in his calculations of mixed gases to be breathed after deep dives appear to 
have used a nonlinear system. Both investigators state that their ascent criteria are valid only 
within a limited range of pressure. 

The only practical ascent-from-depth concept that appears to provide a continuum through 
the pressure spectrum from depth to altitude is a linear one in which C = 0. Predictions 
based on several concepts are set out in Fig. 1, from which safe ascent from depth or to alti­
tude can be calculated directly from A issue values. 

CALCULATION OF DECOMPRESSION PROFILES 

Decompression profiles can be calculated through use of various combinations of gas transfer, 
body model, and ascent criteria. Such profiles can be computed by digital and analog methods 
in staged or continuous ascent form. 

Pneumatic analog techniques permit computations based on any combination of the pre­
ceding factors to be carried out continuously in real time. Moreover, close approximations to 
specific linear models can be achieved with fewer parameters by a nonlinear gas transfer model 
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FIG. 2. Comparison of response of Workman Μ value model ( · ) (23) with MKVS pneumatic computer 
model (18) as modified by Daniels (O) (private communication, 1969). 
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in series configuration. For example, the Workman Af-value model (23) (based on nine parallel 
compartments with different half-times and on the most general ascent criterion) can be 
matched closely by a four-compartment nonlinear series system with a constant saturation 
ratio, as shown in Fig. 2. These preliminary comparisons were made by Daniels of SPAR 
Aerospace Products, Ltd. (private communication, 1969), who used only five parameters, 
compared with the 27 parameters used in the Workman M-value system. While such a com­
parison demonstrates the flexibility of the nonhnear series technique, it does not imply that 
we endorse the Af-value system. 

Experimental Evaluation 

PRACTICAL COMPARISON OF DECOMPRESSION PROFILES 

Information is sparse regarding the incidence of decompression sickness arising from dif­
ferent decompression profiles that have been followed precisely. To provide ourselves with 
more meaningful comparative data, therefore, we carried out a series of exposures in which 
we arbitrarily selected the depths and times, and carefully controlled decompression according 
to various criteria. Sample decompression profiles based upon some of the foregoing concepts, 
together with the results of experiments involving human subjects, are shown in Figs. 3-5. 

Our modification of the Hills concept uses a four-compartment nonlinear series system with 
an initial saturation ratio oí Κ = I. The half-times of all compartments are identical, equaling 
52 min [derived from analysis of the Van der Aue no-decompression data (21)]. The ascent 
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FIG. 3. Comparative decompression profiles for 100-ft dive, obtained from R.N. Table (15), U.S.N. Table 
(20), Workman Μ value (14, 23), and MKVS computer (18).100 ft 2 -h 26 min air: ( • ) Modified Hills; ( Δ ) 
RN table; (A) USN table; ( · ) Workman Μ value (continuous); (O) VS computer. 
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FIG. 4. Comparative decompression profiles for a 2 0 0 - F S W dive. 

200 ft 3 + 20 min air 
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Precise 

Symbol Profile dives II I 

• Modified Hills 28 — 2 
Δ RN table 1966 — — — 
A USN table 1958 — — — • Workman Μ value 8 — 3 

(continuous) 
O v s computer 14 — — 

from depth proceeds until a depth of 14.5 FSW is reached, at which point the subject is brought 
directly to surface without further decompression procedures. The supersaturation ratio upon 
his surfacing corresponds to Κ = 1.44. The Workman M-value profiles were computed for 
continuous ascent by digital methods, based on the programs of Robertson and Moeller (14), 
and by analog methods similar to those of Buckles and Greenberg (2). 

The dives of the first series—to 100 FSW with a descent time of 2 min and actual bottom 
time of 26 min (2 + 26) (Fig. 3)—produced no symptoms of decompression sickness in 61 
dives in 15 subjects. In the next series of dives—to 200 ft for 3 + 20 min (Fig. 4) and to 300 ft 
for 5 + 25 min (Fig. 5)—differences in the effectiveness of the various profiles appeared. 
Although the number of exposures was small, the high incidence of decompression sickness 
indicating insufficient decompression seems conclusive. 

It is interesting that the subjects decompressed according to the modified Hills decompres­
sion profiles had no symptoms of decompression sickness until the final increment of ascent 
to surface, shortly after which most of them complained of moderate to severe pruritus. 
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0 4 0 8 0 1 2 0 1 6 0 2 0 0 2 4 0 2 8 0 3 2 0 3 6 0 4 0 0 4 4 0 4 8 0 5 2 0 5 6 0 

T ime (min) 

FIG. 5 . Comparative decompression profiles for a 3 0 0 - F S W dive. 

3 0 0 ft 5 + 2 5 min air 

6 0 0 
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• Modified Hills 5 4 

A USN table 1 9 5 8 6 1 2 • Workman Μ value 3 — 3 

(continuous) 
O VS computer 1 0 — 2 

Discussion 

The results of these few dives emphasize the fact that prophylactic decompression still 
presents a problem in dives with an air atmosphere to depths much greater than 200 ft. Al­
though a variety of decompression profiles was tested, none was completely effective; this 
fact underscores the lack of understanding of the fundamental etiological processes involved 
in decompression sickness. 

Solving this problem requires careful investigation into at least four areas: 

1, Are gas transfer processes in vivo linear or nonlinear? 
2. What are the criteria for equilibrium between gases in solution and asymptomatic 

cavitation and what is the effect of such cavitation on gas elimination? 
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3. How does saturation ratio vary with depth? 
4. What effect does the presence of other gases have on transfer of the individual gas 

constituents in the body? What is the influence of total and partial pressure gradients? 

With respect to the third question, we have conducted 24-hr exposures at depth in order 
to reduce the effect of tissue time constant. The subjects then ascended according to a se­
lected ratio Κ and stayed at the new depth long enough (i.e., 11 hr) to reveal any latent 
symptoms of decompression sickness. Surfacing directly from 33 FSW {K = 1.6) resulted in 
type I (pain only) bends (5, 10) in six of nine subjects, casting doubt on the validity of the 
long-duration pressure exposure data of Van der Aue et al. (21). 

Surfacing directly from 26.4 FSW {K = 1.44) resulted in only one mild attack of type I 
bends among 14 subjects. We tested the vaUdity of this ratio in exposures at 66 FSW. No 
symptoms were observed in four subjects during an U-hr stay at 22 FSW. We intend to con­
tinue this experimental program at discrete increments of depth until the ratio becomes in­
valid. 

With respect to the fourth item above, we conducted a simple experiment (see Fig. 6). A 
chamber containing air at 14.4 psia was separated by a porous membrane from another cham­
ber containing 100% O2 at 7.2 psia. A total pressure gradient of 7.2 psi was thereby opposed 
by a P02 gradient of 4.2 psi. The total gas pressure in the first chamber (Ρτ) and the P02 were 
measured continuously. 

The P 0 2 response was biphasic (first a fall, then a rise), indicating that the gas flows due to 
the total pressure gradient and the partial pressure gradients were interacting. The time 

Cond i t ions a t t i m e zero 

7 . 2 ps ia 

_ Pq^ = 3 . 0 ps ia 

i ^^^ = H . 4 ps i a 

= 14.4 ps ia 

T i m e ( h r ) 

FIG. 6. Gas transfer slip flow and diffusion. Effect of interference between total and partial pressure 
gradients on gas transfer. 
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constant associated with the gas flow due to the total pressure gradient is shorter than that 
associated with the Po^ gradient. Calculations using the Ρτ and Poj values indicate that the 

in the first chamber initially fell at a slower rate than it would have if 7.2 psia of air had 
been the final condition. When the Po^ gradient is less than the Ρτ gradient, the P02 will fall 
until these gradients are equal. Thereafter, as the P02 gradient exceeds the Ρτ gradient, the 
P02 will rise, and the rate of N2 elimination will increase. Thus gas transfer cannot be calcu­
lated as though the gas constituents exist independently. If this effect occurs in vivo, the re­
sult of a transient fall in P02 might be critical. Similarly, this interaction must be considered 
in decompression schedules incorporating alternation of inert gases or changes in mole fractions 
of 0 2 ( 1 2 ) . 

Clearly, basic research to answer all the above questions is an immediate necessity. 

Conclusions 

Some evidence exists to show that gas transfer in the tissues is nonlinear under hyperbaric 
conditions. The many linear models and systems discussed in this paper are special or simpli­
fied adaptations of a more complex general model. A pneumatic analog computer, which com­
putes (in real time) directly from the breathing mixture, can be programmed for any of the 
decompression concepts described. Such a computer (11, 19)—programmed for nonhnear gas 
transfer with four equal time constant compartments in series and with a constant ratio ascent 
criterion—continues to offer a very acceptable real time solution to the problem of decom­
pression sickness resulting from diving in an air atmosphere. 

The computer's efficacy has been verified for exposures ranging from 24 hr at 26.4 FSW to 
1 hr at 250 FSW, and for single and repetitive exposures of any shape. Our experimental diving 
program using a 20% 02 -80% He mixture has to date been restricted by the limitations of 
our facilities to half-hour exposures at 300 FSW. Experience with the same computer param­
eters suggests equal reliability, however, at this depth for longer periods of exposure. 

The chief obstacle in the attempt to assess current decompression models and diving tables 
is the lack of pubhshed vaUdated data. It is urged that a standard system for reporting the 
results of experimental diving and decompression table validation be devised for the mutual 
benefit of countries, organizations, and individuals concerned with diving. 
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CALIBRATION OF INERT GAS EXCHANGE IN THE MOUSE 

Edward T. Flynn^ Jr, and C, J, Lambertsen 

Although the advent of deep-diving systems has increased the relative comfort and safety 
of diving operations, the problem of providing safe and efficient decompression schedules 
continues to limit manned undersea activity. Of the many proposed methods of improving 
decompression tolerance, few have as yet been systematically investigated (7, 8). Time and 
logistic support requirements, as well as small population sizes, have limited these investi­
gations in man. The studies to be described in this paper were conducted in an effort to assess 
the usefulness of the common laboratory mouse as an experimental animal in decompression 
studies. Although quantitatively the mouse is vastly different from man on an absolute 
basis, the relative effects of gas mixtures, decompression profiles, and drugs in the mouse might 
be quite similar to those in man. If so, experimentation with the mouse could provide a system 
in which the relative efficacy of many decompression techniques could be evaluated in suf­
ficiently large numbers to permit statistical evaluation. 

Method 

Male albino mice weighing 18-22 gm were selected for investigation. Exposures were car­
ried out in a small cylindrical chamber in which the temperature was controlled between 29 
and 31°C. During compression and while at pressure, the O2 tension was maintained at 0.3 
atm. At 30-60 sec prior to decompression, the chamber was further compressed with pure O2 
to a depth sufficient to raise the O2 concentration to 17.5%. Subsequent decompression was 
carried out maintaining this constant fraction of O2. Carbon dioxide was absorbed by a cen­
trally placed canister containing Baralyme. 

Signs of decompression sickness usually appeared either during the decompression or within 
the first 5-7 min thereafter. Initial signs consisted of a rapidly developing monoplegia or para­
plegia involving the lower extremities. In more severe cases, paraplegia was followed by the 
development of severe dyspnea, cyanosis, and prostration and by the onset of one or more 
convulsive seizures. Death followed in many cases. Recovery from all apparent signs of de­
compression sickness was the rule in almost all animals not killed acutely by the decompres­
sion. Disappearance of symptoms was often complete in as little as 15 min following their 
onset. Of the animals who apparently recovered, however, 13 and 30% (N2 and He exposures, 
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FIG. 1. Relationship of bends incidence to exposure time at 200 psig. Mice were exposed to 200 psig on 
N2-O2 and He-02 mixtures for varying periods of time, and then decompressed in 6-9 sec. The data points 
indicate the mean incidence of decompression sickness observed at each exposure time. ( Θ ) N2-O2; ( Δ ) He-Oa. 

respectively) demonstrated progressive weight loss postdecompression and ultimately died 
within the 7-day observation period. 

In general, death immediately following decompression could be attributed to cardiovascular 
collapse. In all cases, autopsy revealed massive gas embohzation of the venae cavae and the 
right side of the heart. In more than 90% of the cases, bubbles were also present in the sub­
cutaneous, mesenteric, epigastric, pelvic, and hmb veins as well as the dorsal aorta. In con­
trast to these vessels, the pulmonary veins were often spared. Bubbles were seen in these veins 
in less than 30% of the animals autopsied. 

Inert Gas Exchange 

Initial studies were directed toward an analysis of inert gas exchange in the mouse. Groups 
of animals on N2-O2 and He -02 mixtures were subjected to progressively increasing exposure 
times at 200 psig, followed by rapid decompression to the surface in 6-9 sec. The exposure 
times, which included both the compression time and actual '^on-bottom^^ time, ranged from 
16 sec to 240 min. Compression times were rapid relative to the total exposure time in order 
to maximize the exposure at 200 psig. The most rapid compression time, 15 sec, appeared to 
be tolerated without difficulty. 

Figure 1 shows the results of decompression from these exposures. The incidence of de­
compression sickness increased markedly as the longer exposures increased the absorption 
of inert gas, but then plateaued as saturation was approached. With both N2 and He, no 
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FIG. 2 . Log-probability relationship of exposure time and response at 2 0 0 psig. The mean incidence of 
decompression sickness following 3 0 , 6 0 , and 2 4 0 min of exposure to N2 and the mean incidence following 1 5 
min of exposure to He (Fig. 1 ) were selected to represent the maximum response expected at 2 0 0 psig following 
an infinitely long exposure. The actual incidence at each exposure time (Fig. 1 ) was then plotted as a fraction 
of this maximum response. EDso (effective dose producing decompression sickness in 5 0 % of the animals tested) 
values for N2 and He are 4 .9 and 2 . 2 min, respectively. ED99 values are 16 .1 and 1 4 . 5 min, respectively. 
( Δ ) He-02; (Θ) N2-O2. 

further increase in incidence was apparent beyond approximately 15 min of exposure. Figure 
2 shows the transformation of these data to log-probability coordinates. The combined N2 
means at 30, 60, and 240 min (71%) and the He mean at 15 min (65.2%) were considered to 
represent the maximum attainable bends incidence on decompression from 200 psig. The ob­
served incidence values were then plotted as a fraction of this response. Curves were fitted 
to the data points using the technique described by Finney (6). The N2 and He bends inci­
dence curves converge toward a common maximum incidence time, suggesting that whole-
body saturation occurs at or near the same time for both gases. For the purpose of this study, 
saturation was assumed to be essentially complete at the 99% incidence level. Helium required 
14.5 min to reach this level, N2, 16.1 min. These times correspond to the 99% saturation times 
of 2.2- and 2.4-min '^half-time tissues,'* respectively, and should represent the slowest rates 
of inert gas exchange in the major tissues of the mouse. 
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FIG. 3 . Relationship of bends incidence to the depth of saturation exposure. Mice were allowed to saturate 
fully with N2-O2, He-02, and He-N2-02 mixtures at exposure pressures ranging from 5 0 to 2 5 0 psig, and then 
decompressed in 2 to 1 0 sec. The data points indicate the mean incidence of decompression sickness observed at 
each exposure depth tested. Dotted lines represent projections to higher pressures based on information derived 
from Fig. 4 . (Θ) N2-O2; ( Δ ) He-02. 
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FIG. 4 . Log-probability relationship of bends incidence to tissue inert gas tension following saturation 
exposures. The mean incidence of decompression sickness following saturation exposures at various pressures 
(Fig. 3 ) , and the total tissue inert gas tension at these respective pressures are plotted on log-probability 
coordinates. ED50 values for N2, He, and the multiple inert gas mixtures are 12 .2 , 1 3 . 4 , and 14 .6 atm, respec­
tively. ( Δ ) N2-O2; (Θ) He-02. 
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With these derived outside Hmits for the tissue half-time spectrum defined, a second series 
of exposures was conducted to assess the individual contributions of tissues within this spec­
trum. Groups of mice breathing N2-O2 and He -02 mixtures were saturated at depths ranging 
from 50-200 psig, and then decompressed in 2-10 sec. The incidence of decompression sickness 
with each gas (Fig. 3) increased as a function of exposure depth along an S-shaped curve. At 
all depths tested, He produced less decompression sickness than N2. When the data were trans­
formed to log-probability coordinates (Fig. 4), a linear relationship between bends incidence 
and the tissue inert gas tension following saturation at a given depth was apparent for both 
gases. 

Since the inert gas tension following saturation is uniform throughout the tissues regardless 
of the time courses of their approach to saturation, the curves of Fig. 3 provide a reference 
against which to compare the nonsaturation exposures in which the inert gas uptake by a 
tissue is a function of both the exposure time and the tissue-inert gas exchange time constant. 
Figure 5 compares the data for N2. The regression line for the saturation exposures is identical 
to that shown in Fig. 4. On the same coordinates are plotted the incidence rates for four ar­
bitrarily selected points on the 200 psig nonsaturation exposure curve (Fig. 1). The corres­
ponding N2 tensions were calculated from the exposure time at each point using the empirically 
estimated slowest tissue half-time of 2.4 min. There is a close correlation between the satura­
tion and nonsaturation exposures, indicating that the observed behavior of the animal may 
be explained solely on the basis of changes in the 2.4-min tissue. If tissues having half-times 
faster than 2.4 min contributed significantly to the incidence of N2 bends, there would be a 
systematic deviation of the data points of the nonsaturation exposures below and to the right 
of the regression line of the saturation exposures. 
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FIG. 5. Comparison of bends incidence and calculated tissue N2 pressures in mice rapidly decompressed 
after saturation and nonsaturation exposures to N2-O2 mixtures. Triangular data points connected by a straight 
line represent the data of variable depth-saturation exposures (Fig. 4). The other data points represent 
arbitrarily selected incidence levels from the 200 psig nonsaturation exposure curve (Fig. 1). Tissue N2 tensions 
for these points were calculated from their respective exposure times using a ΤΊ/2 of 2.4 min. 
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F i g . 6. Comparison of saturation and nonsaturation exposures in rapidly decompressed mice on He. 
Triangular data points connected by a straight line represent the data of variable depth-saturation exposures 
(Fig. 4). The other data points represent arbitrarily selected incidence levels from the 200 psig nonsaturation 
exposure curve (Fig. 1). Tissue He tensions for these points were calculated from their respective exposure 
times using Tm of either 2.2 min or 0.9 min. The data point at 65% is common to all three curves. 

Figure 6 compares the data for He. The regression line for the saturation exposures again 
is identical to that shown in Fig. 4. On the same coordinates are plotted the incidence rates 
for several arbitrarily selected points on the 200 psig nonsaturation exposure curve (Fig. 1). 
A very poor correlation between the data points is obtained when the estimated slowest tissue 
half-time of 2.2 min is used to calculate the He uptake during the nonsaturation exposures, 
indicating that tissues faster than this contribute significantly to the incidence of He bends. 
This is not an unexpected finding in that He reached 50% of its maximum response at 2(X) psig 
in slightly less than half the time required by N2. The correlation is greatly improved when 
the incidence rates are related to the He tensions in a 0.9-min tissue. 

The close fit of the data points obtained with a half-time of 0.9 min not only suggests that 
the bulk of the He tissues exchange at or near 0.9 min but also leads one to question the 
existence and/or importance of a tissue longer than this. Statistically, the lower limit of the 
95% confidence interval for the 99% He response time (Fig. 2), 8.6 min, is longer than the 
99% saturation time of a 0.9-min tissue. Accepting the probability of error denoted by a 95% 
confidence interval, it is possible to state that longer tissues do exist. However, the relative 
contribution of these tissues to the development of actual signs of decompression sickness is 
difiicult to assess with certainty. The comparative analysis described above (Fig. 6) and 
visual inspection of the data (Fig. 2) suggest that the contribution is small, accounting only 
for somewhat more than 10% of the total response at 200 psig. 

It is interesting to speculate why a change to a He -02 atmosphere causes at least two half-
time tissues to appear (0.9 and 2.2 min), while only one tissue is discernible with a N2-O2 
atmosphere. One possible explanation is that the apparent single 2.4 min N2 tissue actually 
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represents a combination of a poorly perfused ''aqueous*' tissue and a rather briskly perfused 
''lipid*' tissue. The N2/He exchange ratios in these two tissue types would be expected to be 
close to 1 and 2.66, respectively, and the corresponding He half-times, therefore, 2.4 and 0.9 
min. These half-times are quite close to the observed values. 

In part, the usefulness of the mouse in decompression studies designed to obtain informa­
tion directly pertinent to man will depend on how the relative tissue gas exchange rates for 
the various inert gases compare in mouse and man (e.g., N2 vs He exchange rates in the same 
compartment). In spite of the gross difference in actual inert gas exchange rates for mouse 
and human tissue, the N2-He exchange ratio describing the bulk of the murine tissues 

2.4-min half-time for N2 2 7 
0.9-min half-time for He 

appears to be nearly identical to the N2/He exchange ratio of 2.6 described by Bühlmann et al 
(2) for the most slowly exchanging human tissues. The small fraction of He tissues in the 
mouse having a half-time of 2.2 min and, therefore, a N2/He exchange ratio of 1.1 

2.4-min half-time for N2 
2.2-min half-time for He 

will exert their influence primarily in slow, low bends incidence decompressions, in which the 
faster 0.9 min tissue has had ample time to eliminate its excess He. The mouse therefore may 
lose its value for predicting the relative incidence of decompression sickness with He -02 and 
N2-O2 mixtures in man at these low bends incidence levels unless it is eventually found that 
a similar pattern of nearly equal inert gas exchange rates exists for N2 and He in the slowest 
tissues of man. Such a tissue would consist of an extremely slowly perfused mass with inert 
gas solubilities similar to those of blood. 

The finding of rapid tissue exchange times in the mouse was not unexpected. A high cardiac 
output and rate of capillary perfusion accompany the relatively high metabolic rate of the 
mouse and undoubtedly account in large part for the rapidity of gas exchange. While no data 
exist concerning the actual cardiac output of a mouse, an approximate value may be calcu­
lated from estimates of O2 consumption, 3500 mmVgm/hr (9), and an assumed arterio-mixed 
venous O2 difference of 4.5 ml/100 ml of whole blood. The cardiac output thus calculated for 
a 20-gm animal is 25.8 ml/min, or approximately 18 times the resting cardiac output per gram 
of tissue in man. If this high cardiac output is assumed to flow to a single tissue and the blood 
and the tissue inert gas solubilities are considered equivalent to those in water and olive oil, 
respectively, the resultant tissue half-times for N2 and He, given by 

0.693 

where 

Q = tissue blood flow 
aB = inert gas solubility in blood 
ατ = inert gas solubility in tissue 

are 2.52 and 0.94 min, respectively. These values agree closely with those determined ex­
perimentally. 
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Due to the extremely rapid time constants for inert gas exchange in the mouse, studies of 
the decompression advantages of alternation of inert gases and/or O2 will be technically 
difficult. The apparently bimodal distribution of inert gas exchange time constants in the 
mouse makes impractical a direct comparison of bends incidence in men and mice following 
nonsaturation exposures, since in man the distribution of gas exchange time constants appears 
to be continuous (10). 

However, the existence of a single limiting tissue for N2 may afford the opportunity to as­
sess experimentally the influence of various vasoactive agents on tissue gas exchange. Changes 
in gas elimination half-time induced by such agents could be identified through comparison of 
saturation and nonsaturation exposures. If, however, as the data presented above suggest, 
the 2.4-min tissue actually represents two tissues characterized by different perfusion rates 
and blood-tissue partition coefficients, analysis of this type would be compUcated by the 
possibility that changes in tissue blood flow induced by a drug might not be equal in these 
two or, in fact, any tissues. 

Relationship of Small Animals to Man 

It has been a common observation since the early experiments of Haldane (1) that small 
animals tolerate greater degrees of inert gas loading than do larger animals and man. Figure 
7 presents a comparative analysis of the susceptibihty to decompression sickness of men. 

0.01 0.1 1 2 5 2 0 4 0 6 0 8 0 9 0 9 8 9 9 
I n c i d e n c e of deconnp ress ion s i c k n e s s (%) 

9 9 9 

FIG. 7. Relative susceptibility to decompression sickness in animals and man. Following rapid decompres­
sion from saturation or near-saturation exposures on N2-O2 mixtures, the susceptibility to decompression 
sickness in man (3, 5), goat (4), dog (Reeves, personal communication, 1969), guinea pig (8), and mouse is 
shown as a function of the Ν2 tension to which they were exposed. The data points for the mouse and guinea 
pig represent actual incidence values, while the data points for man, goat, and dog represent the cumulative 
incidence of individual bends in bends threshold determinations for the individuals in the series. 
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FIG. 8. Susceptibility to decompression sickness as a function of body weight. The dose of N2 required to 
produce decompression sickness in 50% of the animals tested (Fig. 7) is plotted as a function of the body weight 
of each species. 

goats, dogs, guinea pigs, and mice following saturation or near saturation exposures at various 
depths on N2-O2 mixtures (3-5, 8; Reeves, personal communication, 1969). Decompression in 
each case was directly to 1 atm and was rapid relative to the slowest inert gas exchange rates 
of the animal. In Fig. 7, exposure depth has been converted to the equivalent N2 tension in 
the tissues following saturation with N2 at that depth. The data points for the guinea pig and 
mouse represent the actual bends incidence values observed, while the data points for man, 
goat, and dog represent the cumulative frequency of bends in individual bends threshold 
determinations for the subjects or animals in the series. 

The susceptibility to decompression sickness in each species is a linear function of the tis­
sue N2 tension on log-probability coordinates. Both the slopes of these dose-response curves 
and the tissue N2 tensions required to produce a given bends incidence increase as the animal 
size decreases. A linear relationship also exists between the log of the E D 5 0 for each animal 
and the log of its body weight (Fig. 8). A similar linear log-log relationship between the slopes 
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EDfio 95% Confidence limits 

Gas mixture (atm of inert gas) (atm) 

N2-O2 12.2 11.3-12.9 

He-02 13.4 12.9-14.3 

He-N2-02 14.6 13.0-15.6 

of these curves and body weight was suggested by the data, but the correlation was not as 
good. These species differences in decompression tolerance are undoubtedly related both to 
differences in inert gas exchange and to tolerance to the presence of gas separated as bubbles 
in tissue, but the interactions of such factors are far from clear. The clear relationship of body 
weight to decompression tolerance presented in Fig. 8 indicates, however, that these species 
differences reflect the degree of susceptibility to decompression sickness rather than a fun­
damental difference in the nature of the decompression syndrome. This relationship cannot 
be used to project quantitatively to man data obtained in small animals since small errors 
in the estimation of the slope of the projection will lead to unacceptable errors in the esti­
mation of human decompression tolerance. 

Decompression from Saturation Exposures to Multiple Inert Gases 

In addition to the saturation exposures with N2-O2 and He -02 mixtures described above, 
mice were saturated at 150, 200, and 250 psig with a mixture containing equal fractions of N2 
and He. Decompression was performed in 7 to 10 sec. Figure 3 compares the findings for all 
three types of gas mixtures. Helium alone produced less decompression sickness than did N2 
at each depth tested. The multiple inert gas mixture produced less decompression sickness 
than did either He or N2 alone. When the data were transformed to log-probability coordinates 
(Fig. 4), a linear relationship between bends incidence and the tissue inert gas pressure existed 
for each of the inert gas-02 mixtures. ED50 values for these curves are given in Table I. 

The relative propensity of these gas mixtures for producing decompression sickness is 
qualitatively similar in mice and men (5, 10). On the basis of this finding, it may be expected 
that studies in mice with other single and multiple inert gas-02 mixtures will permit similar 
qualitative ranking of the relative decompression hazard of these gases in man. Such studies 
should also permit definition of the optimum mixture of two or more inert gases with O2, for 
use during human exposures in which the subsequent decompression will be controlled by the 
relatively rapidly exchanging tissue compartments. Whether the quantitative relationships 
between two inert gas mixtures in the mouse can be transferred directly to man as well will 
depend on how closely the ratio of the ED^'s for the gas mixtures and the ratio of the slopes 
of the two dose-response (tissue inert gas-bends incidence) curves in the mouse approximate 
those ratios in the comparable dose-response curves for humans. Although perfect agreement 
between the two species for all gases is not likely, evidence is available which indicates that the 
relative susceptibility of normal men to He and N2 bends at the lowest detectable incidence 
level is quantitatively the same as that shown in Fig. 4 for mice. Duffner and Snider (5) deter-

T A B L E I 

VARIABLE DEPTH-SATURATION EXPOSURES 
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mined the minimum (threshold) depth required to produce decompression sickness in each of 
five divers following 12-hr exposures to air or to an 80% He-20% O2 mixture. In each case, the 
subjects were decompressed directly to the surface at a rate of 25ft/min. The threshold depth 
required to produce decompression sickness may also be expressed as a threshold inert gas 
pressure difference (Δρ), where Δρ is defined as the difference between the alveolar inert gas 
tension at the threshold depth and the ambient hydrostatic pressure at the surface. The mean 
threshold Ap for helium in these five subjects was 27.0 FSW, whereas the mean threshold 
Ap for N2 was 20.4 FSW. The ratio of these two threshold Δp's is 1,32. A nearly identical 
Ap ratio of 1.33 is obtained in mice by projecting the dose-response curves of Fig. 4 to the 
''threshold** ( 1 % incidence) level. 

Slow Decompression in Mice 

In addition to the experiments involving rapid decompression, mice were used in two studies 
in which the decompression was slow relative to the estimated rates of tissue gas exchange. 
In the first, eight groups of eight mice were saturated on a N2-O2 mixture at 200 psig and then 
decompressed exponentially at progressively decreasing rates. Total decompression times 
ranged from 9 to 607 sec. The incidence of decompression sickness decreased as decompres­
sion time increased (Fig. 9). 

In a second study, five groups of eight mice were saturated on a N2-O2 mixture at 400 psig 
and then decompressed in a manner calculated to maintain the Ap in a theoretical 2.0-min 
tissue constant at values of 3, 5, 8, 10, or 12 atm. Δρ was defined as the difference between 
the tissue N2 tension at a given moment and the ambient hydrostatic pressure at the same 
moment. After an initial rapid pressure drop (2-6 sec) to establish the desired Ap, the re­
maining decompression was carried out in a series of 10-sec stages. The incidence of decom­
pression sickness increased as an S-shaped function of the Ap used in the decompression (Fig. 

100 120 2 4 0 

Decompression t ime ( s e c ) 

FIG. 9. Relationship of bends incidence to the time of exponential decompression from 200 psig. After 
saturation exposures at 200 psig on a N2-O2 mixture, mice were decompressed in exponential fashion to the 
surface. Total decompression times are indicated on the abscissa. The data points indicate the mean incidence 
of decompression sickness at each decompression time. Vertical brackets enclose ± 1 standard error of the mean. 
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FIG. 10. Relationship of bends incidence to the Δρ of constant Δρ decompression. Following saturation 
exposures to a N2-O2 mixture at 400 psig, mice were decompressed on schedules calculated to make the 
quantity Δρ in an arbitrarily selected 2-min half-time tissue constant. The Δp's of these decompressions are 
indicated on the abscissa. The data points indicate the mean incidence of decompression sickness observed 
at each Δρ. 

10). A similar, but inverted curve was obtained when the decompression time was substituted 
for Δρ on the abscissa. 

Although decompressions were carried out from different depths in these two studies, the 
results indicate that the use of mice will permit a comparative evaluation of different decom­
pression profiles from the standpoint of either {!) relative bends incidence for a given decom­
pression time, or (2) relative decompression times required to produce a given bends incidence. 
The direct apphcation of these findings to man will depend on the relationships of the tissue 
inert gas-bends incidence curves obtained in men and mice. Such studies in the mouse should 
at least provide a means of predicting the rank order of efficiency of various decompression 
profiles in man, even though absolute values for decompression requirements are grossly 
different. 
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GAS NUCLEATION CONCEPT APPLIED TO DECOMPRESSION 

G. Albano and M . Columba 

Experiments on animals provide an excellent starting point for studying gas nucleation in 
man. Tests carried out on 156 guinea pigs affected by decompression sickness (3) allowed us 
to make the following observations: 

L Only major errors in decompression give rise to gross bubble formation and to death. In 
these experiments postmortem histological findings show great and confluent gas bubbles 
in almost all tissues without manifest connections with blood vessels (Fig. 1). 

2. Locahzed damage ensues after precise and always reproducible patterns of exposure and 

FIG. 1. Adrenal cortex of a guinea pig, exposed to air at 6 atm abs for 4 hr, who died 15 min after surfacing. 

193 
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FIG. 2. Two slices of brain stem of a guinea pig killed 2 hr after occurrence of decerebrate rigidity with 
opisthotonus. The guinea pig developed the disease 15 min after surfacing from exposure to air at 8.5 atm abs. 

decompression. This damage has special characteristics according to the specific tissue and 
animal species involved; some effects are also related to the sex of the animal, its body mass, 
and the degree of adaptation. Thus, in a selected group of animals it is possible to produce at 
will damage of the bones, the mesenteries, the spinal cord, and the brain stem. 

3. If an animal is killed some minutes after localized damage has occurred, there are indica­
tions of an ischemic infarct due to obstruction of vessels on the venous side by gas emboli 
with secondary thrombi on the arterial side (Fig. 2). 

4. However, if the animal is killed at the initial development of localized damage, one can 
often detect penetration into the vessels of small gas bubbles originating in the adjacent tis­
sue mass (Fig. 3). 

We believe that these four observations can also be applied to man. However, questions 
then naturally arise: what is the origin of gas bubbles, and what is the cause of their growth 
inside the blood vessels? The following discussion will attempt to answer these questions. 
The symbols used in the mathematical equations are defined in Table I. Equation Table 1 
gives the basic formulas from which equations describing decompression under various con­
ditions may be derived. 

In 1944 Newton Harvey and co-workers (7) were able to ascertain that the pressure gradi-
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FIG. 3. Spinal cord (lumbar enlargement) of a guinea pig killed while developing hind quarter palsy due to 
decompression from 20-min air exposure at 8.5 atm abs. 

ents, attainable by the decompression of man and animals, cannot cause the creation of de 
novo bubbles in blood and tissues. However, supersaturation by inert gas can produce growth 
of preexisting gas nuclei if the balance defined by Eq. (1) is exceeded (see Equation Table 1). 

At about the same time Aggazzotti and Ligabue (1) tested the compres^bility of dog tis­
sues and were able to demonstrate that permanent gas nuclei not only exist in the sohd tis­
sues (although the nuclei are of different sizes), but also are subject to volume changes due to 
changes in environmental pressure (Boyle^s law). Equation (2) shows that the whole tissue 
volume, Vt, is the sum of a gas-free fraction, 7/, and gas fraction, VG. 

The main point of Harvey's theory (7) on gas nucleation is that the balance between the 
inside pressure of the gas nucleus, pi, and the pressure of gases dissolved in the tissue, pt, 
can be maintained [see Eq. (1)] only if the entire transfer of gas across the contact surface 
is accompanied by an appropriate change of the contact surface radius, r. 

Applying these fundamentals to the gas nuclei adhering to a capillary wall, one sees that 
decompression (a decrease of the environmental pressure, H) will be unable to cause damage 
if the increase of the nucleus volume [Eq. (2)] creates inside the capillary a projection smaller 
than a hemisphere. Indeed, if the salient part of a gas nucleus is greater than a hemisphere, 
the transfer of gas to the inside of the nucleus will be accompanied by an increase in the radius 
and therefore by a further decrease of the pressure in the gas nucleus. The nucleus then pro­
gressively grows larger due to the presence of gas in supersaturation, originating a gas embolus. 

It is known that the minimum decompression that produces bends of the long bones in sub­
jects equilibrated at sea level is ascent to a simulated altitude of 9000 m (10). At this level 
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TABLE I 

DEFINITION OF SYMBOLS 

Symbol Definition 

k Specific time constant for inert gas saturation in tissue 
kp Specific critical constant of gradient Api 
m Fraction of total gas pressure due to inert gas 
ρ Partial pressure of inert gas dissolved in tissue 
pG Sum of partial pressures of the gases dissolved in tissue, except the inert gas 
pi Pressure inside the gas nucleus or the bubble 
pt Sum of partial pressures of all gases dissolved in tissue 
r Radius of contact surface of the bubble 
s Surface tension (for the blood = 0.0352 mmHg) 
t Time in minutes 
t/2 Half-life 
1Í, w Constants for calculation of pG, with breathing mixtures at constant percentage of inert gas 
C Specific time constant for mass exchanges in the gas nucleus at maximum depth 
D Time constant for mass exchanges in the gas nuclei during a decompression step 
Ε Constant of integration 
Ή Environmental pressure 
Ρ Partial pressure of inspired (tracheal) inert gas 
S Safe plus value of gradient Api 
V Volume of the gas nucleus 
Vf Volume of the gas-free tissue 
VG Gas volume contained in the tissue at free state 
Vt Whole tissue volume 
Api Pressure gradient of gas nucleus 
PI02 Partial pressure of inspired (tracheal) oxygen 
PÜ20 Water vapor pressure (at 37° C = 47 mmHg) 
pvoj Pressure of oxygen in the venous blood 
pvco2 Pressure of carbon dioxide in the venous blood 
e Base of the natural logarithms 
In Natural logarithm 
w Mathematical constant = 3.1416 
' Indication of the depth of first ascent 
η Indication of the nth decompression step 
h Indication of the bottom 

Equation Table 1. Basic Formulas Describing Decompression 

pi^H -{- (2s/r) pt (1) 

Vi' = 7 / + VG{HyH') (2) 

pt = ρ + ρνο2 4- pvcoi + PHJO (3) 

( 4 ) 

kp = 2s(2^/3Fo)'" (5) 

ipt -H' -10 + Smn/H') - 1] = fcp» (6) 
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the hydrostatic pressure inside the venous capillaries is 10 mmHg greater than the environ­
mental pressure (230 mmHg). At sea level the value of p¿, equal to p¿, results in a pressure 
of 698 mmHg [Eq. (3)]. Then the radius of critical gas nucleus surface [Eq. (1)] is 1.53 μ and 
the volume of the hemisphere is 7.6 μ^. Consequently, the volume of the original cavity left 
outside the vessel amounts to 3.3 according to principles estabUshed by Aggazzotti and 
Ligabue (1). 

In the same way, since the minimal environmental saturation pressure able to give rise to 
bends at surfacing is 2.1 atm abs (4), the volume of the critical hemisphere has to be 3.63 

corresponding to a volume for the original gas nucleus of 3.3 μ̂  as in the preceding case. 
This leads to the unavoidable conclusion that at saturation the gas nuclei, which give rise to the 
same decompression damage, have the same volume, regardless of the saturation pressure and, 
therefore, contain the same amount of gas. 

Therefore, with reference to the critical state for growth of nuclei, Eq. (1) can be written 
in the form of Eq. (4), where the critical constant kp is defined by Eq. (5). Solving Eq. (5) 
for the bends of long bones, one finds the kp value to be 605 mmHg. Finally, introducing into 
Eq. (4) the additional value S, useful for the calculation of a safe decompression, one obtains 
Eq. (6). 

From this fundamental expression formulas applicable to different conditions of underwater 
and altitude decompression can be derived. 

Examples of Decompression under Various Conditions 

Equation Table 2 shows the equations which define calculation of the first ascent after satura­
tion with a mixture at constant Plo^', Eq. (11) allows this computation. Table II gives the 

Equation Table 2. First Decrease of Environmental Pressure after Saturation with Mixtures at Constant P/oj 

Ρ ^ Η - PH20 - Pío. 

pG = pvoz + pvco2 4- PH20 = constant 

pc = 1 0 + PH20 + PI02 — pG — S = constant 

kp^ 

m/H') - 1 

(7) 

(8) 

(9) 

(10) 

where ζ = W/H^, 

f b - yc 

H' - 760 

75.485 

H' = zH^ 

depth in meters of seawater 

(12) 

(13) 
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T A B L E I I 

Bottom First ascent Total ascent time with 
uniform speed 

Depth Hb Depth H' Constant k-F' for 
(m) (mmHg) (m) (mmHg) continuous ascent hr min 

60 5,289 45.97 4,230 3.0595 18 55 
70 6,044 55.45 4,945 3.1724 22 00 
80 6,799 64.98 5,665 3.2747 24 58 
90 7,554 74.56 6,388 3.3661 27 52 

100 8,309 84.16 7,113 3.4529 30 40 
110 9,063 93.80 7,841 3.5310 33 26 
120 9,818 103.48 8,571 3.6011 36 10 
130 10,573 113.15 9,301 3.6734 38 46 
140 11,328 122.85 10,033 3.7393 41 20 
150 12,083 132.55 10,766 3.8036 43 51 
160 12,838 142.26 11,499 3.8669 46 17 
170 13,592 152.05 12,237 3.9137 48 53 
180 14,347 161.85 12,977 3.9570 51 28 
190 15,102 171.59 13,713 4.0126 53 48 
200 15.857 181.31 14,446 4.0744 55 59 
210 16,612 191.07 15,183 4.1259 58 16 
220 17,367 200.90 15,925 4.1629 60 43 
230 18,122 210.68 16,663 4.2130 62 55 
240 18,876 220.52 17,406 4.2467 65 20 
250 19,631 230.36 18,149 4.2805 67 43 
260 20,386 240.15 18,888 4.3273 69 50 
270 21,141 250.00 19,631 4.3600 72 09 
280 21,896 259.85 20,375 4.3927 74 26 
290 22,651 269.74 21,122 4.4155 76 52 
300 23,406 279.58 21,864 4.4516 79 00 
310 24,160 289.38 22,604 4.4952 81 00 
320 24,915 299.20 23,345 4.5347 83 01 
330 25,670 309.12 24,094 4.5519 85 27 
340 26.425 319.00 24,839 4.5789 87 39 
350 27,180 328.76 25,576 4.6306 89 20 

° Equations 11-13 and 22: assumed Ä = 55 mmHg and t/2 = 240 min (5). 

solutions to this equation after saturation at depths between 60 and 350 m of seawater with mix­
tures of He and 0.3 atm O2. 

Equation Table 3 shows the mathematical treatment for saturation with mixtures at con­
stant percentages of inert gas. There, the sum of partial pressures of other gases dissolved in 
tissues, pG, is not constant, since it is dependent on the P I 0 2 and on hemoglobin desaturation. 
Table III shows that, if the environmental pressure changes within narrow boundaries, the 
term pG can be considered a linear function of the environmental pressure ff, according to 

DECOMPRESSION AFTER SATURATION DIVES-BREATHING MIXTURE: HELIUM WITH CONSTANT 
PI02 OF 0.3 A T M , B E T W E E N 60 A N D 350 M E T E R S OF S E A W A T E R « 
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Equation Table 3. First Decrease of Environmental Pressure after Saturation with Mixtures at Constant 
Percentage of Inert Gas (m = constant) 

z* - 1 + 3 
Hh(ni -\- w) + a 

Ρ = m{H - PH20) 

PIo, = (1 - w)(Ä^ - PH20) 

pG = }{H) =u + wH 

a = u+ S - 1 0 - 47m 

Hhim -\- w) + a Hh(m + lü) + α 

^b 
«2 - ^3 

(7a) 

(14) 

(15) 

Hhim + w) a 

î b 

^b 

= 0 (11a) 

Eq. (14). Then Eq. (Ua) is used to compute the first ascent. Table IV shows the solutions 
of this equation after saturation with air at depths between 10 and 60 m of seawater. 

We believe that the bends threshold curve estabHshed by Albano (2) in 1960 is of funda­
mental importance in the analysis of gas nucleation in unsaturated dives. This curve combines 
data on the minimal exposures at different depths in the open sea that can produce bends in 
man at surfacing. In Fig. 4 Albano's curve is compared to the curve obtained by Hempleman 
(9) on goats and that obtained by Hawkins and co-workers (8) on men in a wet tank. 

Before analyzing the curve data, it is necessary to know the saturation rate of N2 in the 
tissues at the ends of long bones when the exposure time is less than that required for satura­
tion. To do this we may neglect the diffusion of N2 from the nearby vessel-free cartilages (9). 

T A B L E III 

DETERMINATION OF (pG) IN MIXED VENOUS BLOOD-BREATHING MIXTURE :AIR AT 
ENVIRONMENTAL PRESSURES BETWEEN 1 AND 7 ATM ABS<» 

Environ 
pressure 

(atm abs) 

Percentage of O2 
Calculated pG (mmHg) 

Linked to 
hemoglobin 

Physically 
dissolved Total 

P 0 2 
(mmHg) 

PH20 + 

PVC02 + 
ρνο2 

126.27 + 
0.0025.i/ 

1 13.188 0.112 13.302 34.0 127.0 128.1 
2 14.045 0.122 14.167 37.0 130.0 130.0 
3 14.500 0.130 14.630 39.5 132.5 132.0 
4 14.856 0.136 15.092 41.4 134.4 133.7 
5 15.415 0.140 15.555 42.6 135.6 135.6 
6 15.873 0.144 16.017 43.8 136.8 137.5 
7 16.329 0.151 16.480 45.9 138.9 139.6 

» Assumed O2 uptake of 6.605% and RQ = 0.8. 
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T A B L E I V 

Bottom First ascent 
Constants for 

continuous ascent 
Total ascent time at 

decelerated speed 

Depth Depth H' θ hr min 
(m) (mmHg) (m) (mmHg) 

10 1515 - 0 . 2 7 739 540.38 2222.37 
11 1590 0.43 792 547.58 2257.06 — 36 
12 1666 1.12 844 555.10 2293.30 1 41 
15 1892 3.24 1004 574.61 2387.30 4 31 
20 2270 6.84 1276 602.17 2520.09 8 50 
25 2647 10.51 1553 624.25 2626.48 12 41 
30 3025 14.23 1834 642.97 2716.68 16 10 
35 3402 17.98 2117 658.48 2791.41 19 26 
40 3779 21.76 2402 671.83 2855.73 22 29 
45 4157 25.56 2689 683.49 2911.91 26 38 
50 4534 29.38 2978 693.77 2961.44 28 04 
55 4912 33.22 3268 703.30 3007.36 30 39 
60 5289 37.07 3558 711.92 3048.90 33 07 

° Equations l la-13 and 22a; S = 55 mmHg; assumed t/2 = 520 min (11) ;«= 0.00028. 

o 
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10 14 18 2 2 2 6 3 0 3 4 3 8 4 2 4 6 5 0 5 4 5 8 

12 16 2 0 2 4 2 8 3 2 3 6 4 0 4 4 4 8 5 2 5 6 6 0 

Exposure ( m i n ) 

FIG. 4. Bends threshold curves for (A) men in open sea [from Albano (2)]; (B) goats in dry chamber [from 
Hempleman (9)]; (C) men in wet tank [from Hawkins et al. (8)]. 

DECOMPRESSION AFTER SATURATION DIVES. BREATHING MIXTURE :AIR BETWEEN 10 AND 60 
METERS OF SEA WATER 
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T A B L E V 

JOINTS INVOLVED IN BENDS OF LONG BONES AFTER EXPOSURES AT 4.5 ATM ABS 
FOLLOWED BY DECOMPRESSION TO 1.635 ATM ABS IN 2 MIN 

Subjects 
Bends due to bottom times of 

60 min 61 min 62 min 63 min 64 min 

Α. Gaspare 
C. Calogero 
C. Ubaldo 
D. T. Costantino 
M. Giovanni 
P. Andrea 
P. Vincenzo 
V. Giacomo 

Right hip 

Both knees 
Right knee 

For this purpose eight subjects were exposed to air at 4.5 atm abs for different periods of time, 
followed by direct ascent to 1.635 atm abs (Table V) . The results show that one can assume a 
half-life of 63.5 min for N2 in long bones. A Haldanian (6) constant, fc, of 0.0109 is useful for 
solving Eq. (16) in Equation Table 4. The fourth column of Table VI shows that Eq. (4) 
is not directly applicable to the bends curve. This was to be expected, since some time must 
elapse before the gas nuclei have returned to their original volume by absorption of gas during 
saturation (1, 7). Therefore, the coefficient [{H/H') — 1] may be used in unsaturated dives 
only if one apphes a corrective factor related to the saturation time. This factor can be ex­
pressed in an exponential form, similiar to the Haldanian saturation law with a time constant, 
C. Experimental and theoretical values of C are tabulated respectively in the fifth and sixth 
columns of Table VI. We can, therefore, compute C using Eq. (17). 

We can then describe the calculation of the first ascent after unsaturated dives with mix­
tures at constant percentage of inert gases by equations in Equation Table 4. Of course, Eq. 

Equation Table 4. First Decrease of Environmental Pressure after Unsaturated Exposures with Mixtures at 
Constant Percentage of Inert Gas {m = constant) 

Pb = Pb - (Pb - po)e~*<& 

1 

1 + 3 
Hh{rn w) -\- a 

- 3 
Hh(m + w)-{-a 

+ 

5 \HoJ , 

^ igb(m + w) +a ^ ΓĤ  + {m + w) + αΎ) 

[ Hh L J J 

(16) 

(17) 

+ 
Hh(m w) -\- a 

(1 - e-c'^W 
H\,{m + ΐ^) 4- a 

i/b 
= 0 (l ib) 
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T A B L E V I 

Determination of C 

Depth Exposure Api 
(m) (min) (mmHg) 

25 43.0 488.4 
30 32.0 458.1 
35 25.0 432.6 
40 21.0 423.9 
45 17.5 402.1 
50 15.0 385.8 
55 13.0 372.7 
60 12.0 378.2 
65 10.5 361.3 

Αρν 
Experimental 

* 1 + 
5 \HoJ _ 

661 
659 
655 
671 
662 
658 
656 
680 
673 

0.0338 
0.0463 
0.0618 
0.0627 
0.0820 
0.0998 
0.1175 
0.0968 
0.1238 

0.0373 
0.0454 
0.0546 
0.0648 
0.0761 
0.0885 
0.1019 
0.1165 
0.1321 

« From Albano (2). 

( l ib ) must be solved four times, once for each of the main (four) target tissues, using the con­
stants of Table VII, discussed elsewhere (3). The higher value of ζ is of importance here. 

At this point in calculating a decompression, a choice must be made between using a con­
tinuous or stage decompression. Equation Tables 5 and 6 describe the mathematical treat­
ment of continuous ascent; Equation Table 7 shows the equations for stage decompression. 

Continuous ascent is feasible when one breathes either a mixture with constant P02 or a 
mixture with constant percentage of inspired O2. The gas projection inside the venous capillary 
will remain at the attained mechanical balance until its inside pressure, pi, is the same or 
greater than the sum of pressures of dissolved gases pt. This can be accomplished by decreasing 
the environmental pressure by an amount equal to the decrement of dissolved gas pressure 
according to Eq. (18) in Equation Table 5. 

T A B L E V I I 

VALUE OF SOME TISSUE CONSTANTS 

Tissues 
kp 

(mmHg) 
S 

(mmHg) 

For nitrogen and short exposures only 

k t/2 (min) 

Bone 605 55 0.0109 63.59 
Mesentery 1020 93 0.0158 43.87 
Spinal cord 1035 94 0.0169 41.01 
Brain stem 1270 115 0.0204 33.98 

EXPERIMENTAL BENDS DUE TO MINIMAL EXPOSURES IN OPEN SEA FOLLOWED 
BY SURFACING" 
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Then a continuous ascent with breathing mixtures at constant P I 0 2 can be expressed by 
the general Eq. (21). The solution is simple [Eq. (22)]. In Table II (sixth and seventh columns) 
are shown the times together with the appropriate conditions. Such short ascent times are 
possible due to the large pressure head allowed by the first ascent. 

If one breathes a mixture with constant percentage of O2, the mathematical treatment is 
more complicated, as shown in Equation Table 6. The solution of the general equation is not 
linear, but exponential. This means that decompression must be carried out at decelerating 
speed, solving Eq. (22a) for closely spaced environmental pressures. The last two columns of 
Table IV show the overall ascent times after saturation with air at depths between 10 and 
60 m of seawater. 

The constant balance law imposed for continuous ascent by Eq. (18) is not applicable for 
stage decompression, since every step wall give rise to a new gas projection into the venous 

Equation Table 6. Continuous Ascent with Mixtures at Constant Percentage of Inert Gas (m = constant) 

- + ? = - ^ t M ' + + (1 - m)H + (10 - 47m)] (21a) 
dt dt dt 

c = k[il - m - w)/il - w)] 

ξ - kl(M' - U + 10+ 47m)/(l - w)] 

Η = E-e-" - (íA) 

£ = ff' + (íA) 

ΰ = ξ/( = (Μ' - u+ 10 + 47TO)/(1 - m-w) 

Η = (Η' + t>)e-'' - ϋ 1 
(22a) 

1 = 1/Λη[(Η' +ϋ)/(Η· +«)] J 

Equation Table 5. Continuous Ascent with Mixtures at Constant PIoj 

pi - (H + 10) = pk - (H' + 10) = M ' = constant (18) 

PI02 + PH20 = cpo = constant 

pG = constant 

p=^ (H - cpo) - (H - cpo - p)e-^' (19) 

ρ - Ρ = pt - pG - Η + cpo = M' + 10 - pG + cpo ^ F' =^ constant (20) 

^ = -kF^ (21) 
dt 
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{ptn - Hn^l - 10 + - 1 + ßn^ = 0 (6a) 

Β η = ^„-e-*^"^n (23) 

(24) 

¿)„ = 1 + 2(Η„.ι/Η„}' (25) 

α„ = Ρ , + pG„ - ίί„+ι - 10 + S (26) 

ßn = ρ„-ι - Ρη (27) 

7» = # ^ (28) 

(29) 

capillary, while the effects of the preceding step are still present. Safe conditions for stage 
decompression can be expressed by Eq. (6a). The coefficient D has been approximated by 
experiments on man which will be reported elsewhere; Eq. (25) gives its empirical expres­
sion. The calculation of stage decompression is given by Eq. (29). This transcendental equa­
tion can be solved by trial and error. It is necessary to remember that the trial time, tn)j to be 
assumed depends on the constants k and kp selected according to the current concept of 
leading tissue (Table VII). 
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A PRAGMATIC VIEW OF DECOMPRESSION 

H. R. Schreiner and P. L. Kelley 

'The whole meaning of a conception expresses 
itself in practical consequences, either in the shape 
of conduct to be recommended or in that of experi­
ence to be expected if the conception is true." 

William James, 1842-1910 (20) 

Pragmatic Criteria of a Mathematical Decompression Model 

Until the mechanisms of inert gas transport in the human body, of gas phase separation 
in the tissues and bubble growth therein, and of the pathophysiology of decompression sickness 
are fully understood, we have no choice but to develop decompression schedules by methods 
of trial and error. At the present state of our quantitative knowledge of the physiological and 
physical processes that are affected by a reduction in ambient pressure, this approach is 
basically sound. It becomes practical as well if it is guided by a systematic and well-controlled 
concept that will hold to a minimum the number of trials necessary and the number of errors 
that will be made in the generation of satisfactory decompression schedules through manned 
diving experiments. 

To serve as useful guidelines, mathematical models of decompression must lead to practical 
consequences, in particular to decompression regimes that permit the most rapid rate of re­
duction of ambient pressure consistent with an acceptable level of risk of decompression 
sickness. Equally important pragmatic demands that must be met by a mathematical decom­
pression model include an ability (1) to be tested experimentally, (2) to reflect fundamental 
physiological realities, (3) to account adequately for past decompression experience, (4) to 
predict with statistical accuracy the probable outcome of future decompression experiences, 
no matter how protracted or complex, and (5) to cope with a multiplicity of inert gases that 
may be breathed either simultaneously or sequentially. 

Properly modified, the basic Haldanian model (3) of parallel tissue compartments meets 
every one of these demands. For the time being, it still provides the simplest and most reliable 
frame of reference for decompression experimentation and, in one form or another, has been 
used for the development of decompression schedules by the majority of workers in the diving 
field (4, 8, 12, 13, 22, 23, 25, 27-30, 33, 35, 37, 38). 

205 
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To be sure, other basic mathematical decompression models have been advanced in recent 
years, some more elegant and perhaps more descriptive of the physiological processes involved 
in decompression (14-19), others more complex and speculative (5). We make no claims 
that the model which we are about to describe is truthful in the sense that it accurately depicts 
inert gas transport as it occurs in the human body. What we do claim is that this model is a 
useful and to us, at this time, an indispensable tool for the development of satisfactory decom­
pression schedules. 

Derivation of the Decompression Model* 

We are basing our model on the frankly unproven assumption that the transport of inert gas 
to and from the body tissues is limited by the rate at which these tissues are perfused ,with 
blood, and not by the rate at which inert gas is being transported between the capillaries and 
the surrounding tissue. That is to say that we assume that on passage through the capillaries 
an equilibrium is attained between inert gas dissolved in the blood and inert gas dissolved in 
the surrounding tissue. In other words, the partial pressure of inert gas dissolved in blood 
leaving a capillary is identical with that dissolved in the tissue region surrounding the capillary. 

We also assume complete equihbration of inert gas partial pressure between blood and the 
puhnonary alveoH so that, in this simple view, inert gas transport in the human body can be 
represented schematically as shown in Fig. 1. 

^^IGa = ̂ ^ b l o o d 

T i s s u e 

FIG. 1. Schematic presentation of the basic premises of the decompression model. 

* Throughout this paper, pressure is expressed in terms of millimeters of mercury. One mmHg is defined as 
1 3 3 3 . 2 2 dynes/cm2. 
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dt R 0!t i s s u e 
( P - 7Γ) (7) 

which states that for a particular rate of blood flow and tissue composition (which determines 
the solubility of inert gas in that tissue), the rate of change of partial pressure of inert gas 
dissolved in a given tissue is at all times proportional to the difference between alveolar and 
tissue inert gas partial pressures, i.e., 

^^ = k(P- x) (8) at 

The proportionality constant 

' m = mass, I = distance, t = time. 

k = ^ . ^ ^ (9) 
R Ö̂ t i s s u e 

Given an alveolar inert gas partial pressure Ρ and a tissue inert gas partial pressure π, the 
quantity of inert gas entering a tissue region of volume R per unit of time is given by 

F i G a = Qabiood-P (1) 

where* 

Q = Rate of tissue perfusion {IH~^) 
a = Inert gas solubility (πτΗΡ) 
Ρ = Alveolar partial pressure of inert gas (ml~H~'^) 

The quantity of inert gas leaving this tissue region per unit of time is given by 

l ^ I G v = Qctblood'TT (2) 

where 

7Γ = Partial pressure of inert gas dissolved in the tissue iml~H~^) 

The quantity of inert gas dissolved in the tissue region at any given time is given by 

FiGti = « t i s s u e ' Ä ' T T (3) 
where 

R = Volume of the tissue region (Z^). 

The rate at which this quantity of dissolved inert gas changes with time is given by 

dViGjdt = « t i s s u e - Ä - (dir/dt) (4) 

This rate is also equal to the difference in the rates of inert gas entering and leaving the 
tissue region under consideration, i.e., 

dVioJdt = 7LGA " ViG. ( 5 ) 

or 

dVmJdt = Qabiood-P - Qabiood-TT (6) 

Rearranging Eq. (6) and combining it with Eq. (4) yields Eq. (7) : 

dw Q Qiblood 
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j P e ^ ^ '' dt -hCie-S^^' (10) 

To solve this equation numerically for ττ, it is necessary to define the functional relationship 
between the alveolar inert gas partial pressure, P, and time. If the rate of change of Ρ with 
time is constant (including zero), a numerical solution 

τ = Po + c{t- k-η - [Po - 7Γ0 - (c/Ä:)] e-** (11) 

where c = dP/dt, may be simply obtained. With the aid of Eq. (11) and a knowledge of the 
initial values of P(Po) and 7Γ(7ΓΟ), it is therefore possible to compute the inert gas partial 
pressure π at any time during linear or stepwise descent or ascent for any tissue for which 
the value of k can be computed. 

Computation of Specific Time Constants of Inert Gas Transport 

Assuming that body tissues, in terms of their capacity to dissolve inert gas, can be repre­
sented by a variable mixture of fat and water, and further assuming that the solubility of 
inert gases in blood equals that in water, the specific time constant k for a particular gas can 
be derived from the relative solubility of an inert gas in fat and water, and from the fat fraction 
a: of a given tissue, as long as the specific rate of tissue perfusion Q/R is known. Thus, 

Ä = i - Τ γ " ^ ! (12) 

or 

j,^Q I (13) 
R 1 + a:([afat/«water] ^ 1) 

It is obviously impossible to compute values of k for every pair of tissue fat fraction and 
perfusion rate values in the human body. However, a fairly realistic representation of the 
infinite number of combinations possible can be obtained by limiting one's attention to the 
combination of but a few selected values of both parameters. By arbitrarily selecting four 
possible values of fat fraction χ (0, 0.3, 0.7, and 1.0, denoting, respectively, 0, 30, 70, or 100% 
fat content) and four values of specific rate of tissue perfusion Q/R (0.3, 0.1, 0.03, and 0.0085 

represents the specific time constant of inert gas transport. It relates to the half-time of a 
particular inert gas exchange unit in the human body according to 

k = 0.693/^1/2 (9a) 

The differential Eq. (8) is the basic inert gas transport equation which we discussed at the 
last symposium on underwater physiology (33). It implies, among other things, that inert 
gas exchange in the body tissues is symmetrical: for a particular tissue gas uptake proceeds 
at the same rate as gas loss under the influence of a given ^'driving force,'' i.e., partial pressure 
difference between that tissue and the alveoli. The general solution of Eq. (8) is given by 
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•I 

Tissue fat fraction {X) 

mm ' 0 0.3 0 .7 1.0 

0 .3 0 1 2 3 

0.1 4 5 6 7 

0 . 0 3 8 9 10 1 1 

0 . 0 0 8 5 12 13 14 15 

FIG. 2. Derivation of inert gas exchange compartments by the arbitrary pairing of four specific rates of 
tissue perfusion and four levels of tissue fat fraction. The resulting compartments are numbered 0 to 15 as 
shown. 

min~i)* in solving Eq. (13), one obtains a total of 16 different values of k representing 16 
inert gas exchange units or compartments. These entities are not necessarily identifiable ana­
tomical substructures of the body but rather represent assemblages of those regions within the 
human body that happen to be characterized by one and the same specific time constant of 
inert gas transport. These 16 inert gas exchange compartments (numbered 0 to 15 for ease of 
reference) are shown schematically in Fig. 2. It is immediately clear that any other arbitrary 
array of Q/R and χ may be employed to derive gas exchange compartments as long as repre­
sentative and minimal rates of the specific rate of tissue perfusion and extreme values of fat 
fraction are included. 

For example, the traditional half-times for He of 5, 10, 20, 40, 80, 120, 160, 200, and 240 
min employed by the U.S. Navy (37) can be obtained by selecting appropriate combinations 
of Q/R and χ as shown in Fig. 3. 

For this or any other array, the specific time constant k or half-time ti/2 of inert gas transport 
can be calculated for each inert gas for which the coefficient of distribution between fat and 
water (a/at/^water) is known. The half-times for the lb-compartment^ array which we are 
using have been calculated for a number of inert gases. Values for He («fat/ö^water = 1.7), 
Ne (2.1), N2 (5.1), and Ar (5.3) are shown in Fig. 4. 

* Specific rates of tissue perfusion in the human body range from about 0.01 to 5 min~^ (21). Rates greater 
than about 0.3 min~^ give rise to extremely fast inert gas exchange compartments that need not be considered 
in decompression computations. A minimum value of Q/R of 0.0085 min~^ was selected to enhance the 
probability that the array chosen will under most circumstances include the slowest inert gas exchange 
compartments of the human body, 

t For most inert gases of interest in diving, compartment 0 yields half-times so small that they need not be 
considered in decompression calculations. 
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Tissue fat fraction {X) 

mm"' 0 0189 0595 1.0 

0.1386 5 

0.0693 10 

0.0347 20 

0.01964 40 

000982 80 120 

000491 160 200 240 

FIG. 3 . Derivation of conventional half-times of He transport by the pairing of appropriate specific rates 
of tissue perfusion and levels of tissue fat fraction. Each compartment could have been derived alternately by 
an infinity of other combinations of these two parameters. 

S p e c i f i c r a te o f t issue 
p e r f u s i o n 

m m ' ' 

T i ssue f a t f r a c t i o n iX) 

O 3 0 7 1.0 

0 3 He 
N2 

Ne 
A r 

3 
5 

3 
5 

314 
9l9 

4 | 5 
I2¡I2 

0.1 7 7 8 9 io;i2 
27'28 

12,15 
35137 

0.1 
7 7 15 16 

io;i2 
27'28 

12,15 
35137 

O03 23 ¡23 28 31 34 4 1 39|49 O03 
23 23 52 53 89 93 118 ¡ 1 2 2 

O0085 81 81 99 108 I22|I45 I39|I7I O0085 
81 81 182 187 3I5T327 4161432 

FIG. 4 . Half-times in min of transport of He, Ne, N2, and Ar in the 1 5 compartments of the decompression 
model. 
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It is r e a d i l y seen t ha t the ^ ' b l o o d l i k e ' ' compartments 4, 8, a n d 12, for which χ is a s s u m e d 

to be zero, e x c h a n g e iner t gases a t a ra te t h a t does n o t d e p e n d on the d i s t r i bu t i on coef f ic ien t 

O Í f a t / a w a t e r of a glvcu incrt gas. For these inert gas exchange compartments all inert gases give 
rise to the same half-time of inert gas transport. For these compartments, in fact, the specific 
time constant of inert gas transport equals the specific rate of tissue perfusion. As the fat 
fraction χ increases, the computed half-times of inert gas transport become more and more 
sensitive to the magnitude of the distribution coefficient « f a t / a w a t e r - Inert gases showing very 
great solubility in fat relative to that in water would therefore tend to be exchanged at very 
slow rates in fatlike b o d y tissues. For example, we wOuld expect the half-time for Xe 
( « f a t / o f w a t e r = 20) transport in compartment 15 to be 1400 min, or roughly 1 d a y ; the equivalent 
half-time for SFe (afat/^water = 50 ) would be 3500 min. 

When more than one inert gas is present in the human body—which, incidentally, is almost 
invariably the case in all 02-He dives or altitude flights, since in most instances neither the 
length of exposure nor environmental conditions make possible the complete removal of N2 
from the body—we would expect each gas to be transported in a manner that is independent 
of the presence of any other inert gas or gases. Thus the total inert gas pressure in a particular 
inert gas exchange compartment would be the sum of the partial pressures of all inert gases 
present, even though they may differ in the specific time constant of their transport. 

In view of the fact that the U.S. Navy is traditionally employing a half-time of 240 min to 
characterize the slowest transport of N2 in the body, the use in our model of a compartment 
(No. 15) with a N2 half-time of 4 1 6 min (cf. Fig. 4 ) could well be questioned. In washout 
studies on human subjects breathing O2 at sea level, Lundin (24) identified a slow tissue 
compartment with a half-time of 1 0 2 - 2 0 0 (mean: 138) min, a finding which did not take into 
account uptake of N2 by these subjects through the skin. Groom and Farhi (9) have recently 
shown that the half-time of the slowest N2 washout compartment in the dog increases by a 
factor of 2.5 when cutaneous diffusion of atmospheric N2 is eliminated during N2 washout. 
Applying this observation to Lundin's finding would yield a corrected slowest half-time for 
N2 transport of approximately 2 5 5 - 5 0 0 (mean: 3 4 5 ) min. The results of recent studies by 
Bühlmann et al. (4 ) are consistent with the assumption that the slowest half-time for nitrogen 
in the human body is in the order of 420—480 min. The selection of our compartment No. 15 
therefore seems to enjoy some support from the experimental evidence available. 

Computation of Alveolar Partial Pressure of Inert Gas at Low Ambient Pressure 

For the computation of inert gas tissue tensions at the ambient pressures encountered in 
diving, no significant error is introduced by the assumption that the alveolar partial pressure 
of an inert gas is equal to its inspired partial pressure. In decompression to altitude, the effect 
of alveolar CO2 and water vapor must be considered in computing the alveolar partial pressure 
of inert gas. 

The PAN2 is related to the inspired fraction of nitrogen, FIN2J PACO2, PAH20, respiratory 
quotient, R q , and total ambient pressure, PB, by the alveolar N2 equation (26) 

PAN. = F I . , p^^^^^ (14) 

By substituting standard values of A Q ( 0 . 8 ) , PACO2 (40 mmHg) and PAH20 (47 mmHg), 
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Eq. (14) reduces to 
P A N , = FIN.CPB - 37) (15) 

Assuming that the alveolar N2 equation can be applied to inert gases in general (PINJ = 
FIIG) , the value Ρ in Eqs. (1, 6, 7, 8, 10, and 11), correctly termed PAIG, is given by 

PAiG = PIIG(PB - 37) (16) 

Ascent-Limiting Values of Partial Pressures of Dissolved Inert Gases 

General deep-diving experience (30) does not invalidate the assumption that inert gases 
will remain in solution in the tissues of the body even if the ambient pressure is reduced to a 
point where it is lower than the partial pressure of the dissolved inert gas. The extent of this 
supersaturation that can apparently be maintained without inflicting injury seems to increase 
with increasing ambient pressure, and with increasing specific time constant (decreasing 
half-time) of inert gas transport. It also seems to vary with the nature of the inert gas present 
(1, 2, 6, 11, 32). Workman (37, 38) has systematized the concept of permissible levels of 
supersaturation by suggesting for different levels of ambient pressure, and for two inert gases. 
He and N2, maximum (or M) values of π that can apparently be tolerated in each of several 
inert gas exchange compartments of the human body without injury. Figure 5 shows Work­
man's Μ values for He adapted by graphic interpolation to the inert gas exchange compart­
ments of our decompression model. 
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FIG. 5 . Ascent-limiting values of partial pressure of He in the 1 5 compartments of the decompression model. 
These values were adopted from Workman's Μ values by graphic interpolation and represent partial pressures 
of dissolved He Umiting ascent to a total pressure of 7 6 0 mmHg. With increases in total ambient pressure, the 
ascent-limiting values of ππβ increase by increments shown in parentheses. ΔΡΒ indicates increase in ambient 
pressure above 7 6 0 mmHg. 
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Ascent-limiting values of tissue inert gas tensions may also be expressed as ratios of the 
partial pressure of dissolved inert gas to total ambient pressure. For example, in Fig. 5 the 
Μ value of 2,119 mmHg for compartment 2 for an ambient pressure of 760 mmHg may 
alternately be stated as a ratio of 2,119/760 or 2.79. Μ values increase with increasing ambient 
pressure. Workman suggests that the rate of this increase is Hnear, and that it is greatest for 
the fastest inert gas exchange compartments. These rates are indicated in Fig. 5 as incre­
mental additions to the Μ value for 760 mmHg ambient pressure. For compartment 6, for 
example, the Μ value of 1704 mmHg must be increased by 140 mmHg for every 100 mmHg 
increase in ambient pressure; thus the Μ value for this compartment increases at a rate that 
is 1.4 times that of the increase in ambient pressure. 

Experimental Testing of the Decompression Model 

By reducing the ambient pressure in a manner so as not to exceed at any time prescribed 
maximum values of ττ in any one of the several inert gas exchange compartments of the 
decompression model, it is possible to test suggested Μ values experimentally. 

The procedure generally followed is to select a particular set of Μ values, compute decom­
pression schedules that permit ascent without exceeding them at any time, and conduct 
decompressions accordingly. If an incident of decompression sickness occurs during the re­
duction in ambient pressure, the computed values of π are analyzed up to the moment the 
first symptoms are reported in an effort to pinpoint partial pressures of dissolved inert gas 
that may have been too large to permit safe ascent. Most suspect are values of τ that are 
close to ascent-limiting Μ values. The appropriate Μ values are then reduced, and a new 
schedule is computed and tested. With repeated and accurately controlled decompression 
experiments, the mathematical decompression model is refined by feeding back into it experi­
mentally sustained Μ values. 

Analysis of Past Decompression Experience 

All adequately monitored decompression experiments, not only those conducted specifically 
for the purpose, can be utihzed to test and refine the decompression model. For example, in 
the now classical chamber dive performed by Professor Bühlmann in December 1967 (personal 
communication), two divers were decompressed after being exposed to a total pressure of 
22,433 mmHg (29.5 atm) for 2 hr. On reaching a total pressure of 12,136 mmHg, one of the 
subjects complained of hearing loss and nausea, and was promptly and successfully given 
recompression therapy. 

By utilizing the basic gas transport equation, it is possible to calculate the values of partial 
pressure of dissolved inert gas (essentially He) sustained during this particular decompression 
in the several compartments of the model. Using Workman's Μ values as a basis for compari­
son, one finds that the computed values of ττ at the moment signs of decompression sickness 
were noted were smaller in each of the 15 compartments than the corresponding Μ values 
for He extrapolated to the ambient pressure of 12,136 mmHg. This observation, which is 
recorded in Fig. 6, may be interpreted in two ways: either Workman's Μ values for the 
ambient pressure under consideration are too large, especially for compartments 11, 12, and 
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FIG. 6. Values oí Μ — π (Workman's ascent-limiting Μ value minus partial pressure of dissolved He) 
on arrival at a total pressure of 12,136 mmHg during decompression from a 2-hr exposure to 22,433 mmHg 
(29.5 atm). 

13, or values of π sustained during earlier stages of this particular decompression may have 
been too large. Further analysis shows that values of TTH did exceed Workman's Μ values on 
arrival at two previous decompression stops, 13,754 and 13,018 mmHg. This is shown in Fig. 7. 
Even though many of Workman's Μ values have not been experimentally verified, they are 
based on past diving experience and have proven to be very useful in our hands as general 
guidehnes for the testing of our decompression model. It would therefore be our first recommen-
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FIG. 7. Values of Μ — π (Workman's ascent-limiting Μ value minus partial pressure of dissolved He) in 
compartment No. 11 of the decompression model on arrival at five different stops during decompression from a 
2-hr exposure to 22,433 mmHg (29.5 atm). 
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dation to reduce the rate of ascent in this particular dive in such a way as to arrive both at 
13,754 mmHg and at 13,018 mmHg with values of TTH that are equal to or smaller than the 
corresponding Workman Μ values. Only if this course of action failed would we recommend 
reducing Workman's Μ values for the ascent-hmiting inert gas exchange compartments. 

The calculation of partial pressures of dissolved inert gas or gases in several inert gas ex­
change compartments during the time course of a given decompression is most efficiently 
carried out by digital computer. If ascent-limiting values of π are to be derived by the analysis 
of past decompression experience, the use of a high-speed digital computer becomes mandatory. 
In this manner it is possible to analyze large numbers of well-documented decompression 
experiences, compute values of inert gas partial pressures sustained during decompression in 
the several compartments of our model, and to store this information together with relevant 
information describing both the subject and the decompression experience. As a significant 
body of information accumulates in such a data bank, it becomes possible to ascertain the 
probability of risk of decompression sickness associated with sustaining a particular value of 
7Γ in a given inert gas exchange compartment at a given total pressure. With such data at 
hand, further direct testing of the decompression model can then be limited to the elucidation 
of safe maximum values of τ for compartments and total pressures for which no or insufficient 
past decompression experience is available. 

Physiological Variables of Concern 

Up to this point we have tacitly assumed that inert gas transport and the metastable aspects 
of supersaturation can be quantitatively described by our decompression model. This, of 
course, is not true. The rate of tissue perfusion, a critical factor in our model, is not hkely to 
remain constant during a particular decompression experience. Many factors, such as in­
creased tensions of O2 or CO2, exercise, temperature, and psychogenic stimuh, to mention but 
a few, have an effect on the state of vasodilatation and hence on the specific rate of tissue 
perfusion (31). It would be unreahstic to expect any mathematical model to cope quanti­
tatively with these effects. However, qualitative estimates of changes in tissue perfusion can 
be made and they can be reflected in the values of Q/R that are used in computing inert gas 
tissue tensions. Professor Bühlmann (personal communication), for example, extends the half-
times of selected tissues to take into account nocturnal reduction in the rate of perfusion in 
decompressing subjects. Dr. Workman (personal communication) employs arbitrarily in­
creased alveolar inert gas partial pressures in calculating decompression schedules, to cope 
with the problem of vasoconstriction caused by the breathing of O2 at high partial pressures. 
In either instance the operative change is a decrease in the values of Q/R for several or all inert 
gas exchange compartments. 

Differences in individual susceptibility to decompression sickness and acclimatization to 
decompression are well known in tunnel workers (15) and divers (7) . These, too, can be 
accommodated by our decompression model by the selection of particularly conservative (low) 
Μ values for the computation of decompression schedules for individuals showing a high 
susceptibility to decompression sickness, and conversely, the employment of exceptionally 
high Μ values may be appropriate to develop decompression schedules for individuals who 
have demonstrated unusual resistance to decompression sickness. It is also possible, and with 
high-speed electronic computers quite simple and inexpensive, to develop entire families of 
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decompression schedules based on increasingly demanding sets of Μ values that may be 
used progressively by divers as they become acclimated to decompression. 

Computation of Decompression Schedules 

Once a particular set of Μ values has been selected as the basis of computation of a decom­
pression schedule, Eqs. (11) and (13) are combined and solved for π for each value of k for 
each continuous segment of pressure increase. This operation yields a value of ττ for each of 
the 15 compartments of our model at the beginning of decompression. Immediate reduction 
in pressure can then commence to that total pressure where the first of these 15 values becomes 
identical to the Μ value prescribed for the total pressure and compartment in question. The 
gas transport equation is then solved for t for compartments with a half-time equal to or 
greater than that of the ascent-limiting compartment, by selecting for the value of π in the 
inert gas transport equation the appropriate Μ value prescribed for the total pressure associ­
ated with the next ascent step. The greatest value for t so calculated determines the length of 
the decompression stop that is required before ascent to the target pressure can be safely 
attempted. This process is repeated until the final target pressure of ascent is reached. In 
this manner it is possible to compute decompression schedules for all time-depth profiles 
(including dives performed at altitude, ascent to altitude after diving, repetitive dives, satu­
ration and saturation-excursion dives, etc.), always providing that the rate of change in 
alveolar inert gas parial pressure, dP/dt, remains a constant. 

Schedules based on experimentally verified Μ values have been computed for the com­
mercial purposes of Ocean Systems, Inc., for 02-He dives to depths ranging from 200 to 450 
FSW (total pressure: 5366-11,124 mmHg or 7.06-14.64 atm). After more than 200 manned 
exposures in the open sea we are experiencing an overall rate of decompression sickness of 
2.3% on these schedules. The repetitive saturation-excursion decompression schedules for 
Operation Ludion II (10) are another example of the pragmatic utility of our approach. 
In this particular experiment two divers performed a total of 12 consecutive 2-hr dives each 
from a total pressure of 7205 mmHg (9.48 atm) to 9960 mmHg (13.1 atm) without incidence. 

Predicting the Probable Outcome of Future Decompression Experience 

The reduction in ambient pressure which occurs in flights to altitude generally follows a 
protracted period of residence at ground level, and hence represents the decompression of 
tissues saturated with nitrogen at a partial pressure of about 580 mmHg. Saturation decom­
pressions are limited by the extent of supersaturation that can be safely sustained in the 
slowest inert gas exchange compartment of the body. The human body can therefore be treated 
as a single inert gas exchange compartment (compartment 15 in our model) and it therefore 
becomes relatively easy to accumulate information from which to predict the probable outcome 
of future decompression experience. In one recent analysis of 315 records of altitude decom­
pression of subjects exposed to N2-O2 mixtures (34, 36) we were able to relate the risk of de­
compression sickness to the value of TTIS for N2 on arrival at three target pressures. This is 
shown in Fig. 8. At this early stage of analysis no differentiation has been made between in­
cidents of decompression sickness of different degrees of severity such as paresthesia, vasomotor 
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FIG. 8. Risk of decompression sickness as a function of computed tissue N2 tension in the slowest (saturation 
ascent-limiting) compartment (No. 15) of the decompression model, and target pressure. Target pressure 
range (mmHg): (A) 350-400; (ß) 250-300; (C) 150-200. 

abnormalities, skin rash, blurred vision, and similar mild manifestations that are hkely to be 
signs of decompression sickness (grade 2) on the one hand and severe pain (grade 5) on the 
other. Nevertheless, it is possible to predict from this information the probability of incurring 
some symptoms of decompression sickness in future decompressions to altitude if, on arrival at 
a particular target pressure, a given value of TTIS prevails. For example, apphcation of the gas 
transport equation for compartment 15 shows that decompression to a total pressure of 181 
mmHg following 3 hours of preoxygenation at ground level produces a value of wu of 426 
mmHg. As can be seen from Fig. 8, this value of πΐ5 on arrival at 181 mmHg is associated with 
a 35% risk of incurring signs of decompression sickness. 

Similar predictions of the probable outcome of future decompression experiments can be 
made in all cases where a data bank has collected sufficient information from past decom­
pression experiences to make a statistical treatment of the data at hand meaningful. 

Conclusions 

We have prescribed a pragmatic model of decompression that lives up to all expectations 
that one can reasonably have of such a concept. It yields decompression regimes that permit 
the most rapid rate of reduction of ambient pressure consistent with an acceptable level of 
risk of decompression sickness; it can be tested and refined experimentally; it reflects funda­
mental physiological realities such as the importance of tissue perfusion and individual differ­
ences in susceptibility to decompression sickness; it accounts adequately for past decompression 
experience; it predicts with statistical accuracy the probable outcome of future decompression 
experience and can cope with a multiplicity of inert gases that may be breathed simultaneously 
or sequentially. 
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DECOMPRESSION IN SATURATION DIVING 

A. A» Bühlmann 

We started our deep-diving experiments, as amateurs, with the concept that inert gas half 
saturation times are related to the perfusion of the tissues with blood; that the half-time for 
a given tissue and the rate of perfusion are determined by inert gas diffusion; and that dif­
fusion depends upon the physical properties of the particular gas, especially its molecular 
weight. 

Despite the fact that some of our original concepts were erroneous, the experiments con­
ducted with H. Keller between 1960 and 1962 were successful (3). In these experiments, 
pressures up to 1000 FSW were used, physical work was performed in a wet chamber, and 
short swimming excursions were made in the sea. The extremely short decompression times 
used—for instance, 270 min after an exposure of 5 min at 1000 ft—were the result of a fast 
descent, a high O2 pressure in the range of 2-2.5 atm during the whole dive, and switching 
from He to N2 breathing mixtures during the decompression. 

Between 1964 and 1966 (2) we were able to confirm the differences between the saturation 
rates of He and N2 by dives at 4.0 atm abs. The longest tissue half-time seems to be 480 min 
for N2 and 180 for He, as estimated by sufläcient decompression to avoid an attack of decom­
pression sickness and by a supersaturation ratio of 1.5 to 1.6:1 (Fig. 1). 

After bottom times of 20-72 hr at 4 atm abs while 20% 02-80% He was breathed, decom­
pressions were made without an incidence of bends by eight subjects breathing 100% O2, 
by two subjects breathing 60% 02-40% He, and by six subjects breathing 30% 02-70% N2. 
After diving exposures on air for 42-48 hr, decompressions were made by eight subjects breath­
ing 70% 02-30% N2 (2). 

The differences in the saturation and desaturation speed for a constant blood flow in the 
slowest fatty tissue can be explained by the difference in the oil-water solubility ratio of N2 
and He. The difference in the pressure equilibration rates in watery tissues seems to be de­
termined by the molecular weight of the particular gas, similar to the diffusion-limiting con­
cept. To date, our decompression schedules for mixed-gas decompression have been calculated 
with a ratio of 2.645:1, N2 to He, which corresponds to the ratio of the square roots of the 
molecular weights of N2 and He. 

When there are changes in the activity of divers during long decompressions after deep 
diving (such as sleeping, resting, and work), the total and regional blood flows vary consid-
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FIG. 1. Saturation at 4 . 0 atm abs (1 atm abs = 1 kg/cm^ = 7 3 5 mmHg). 
A. 2 0 - 7 2 hr with 2 0 % 02-80% He. Decompression time: 2 1 5 min with 1 0 0 % O2 or 6 0 % 02-40% 

He, followed by 3 3 0 min with 3 0 % 02-70% N2. 
B, 4 2 - 4 8 hr with air. Decompression time: 6 3 0 min with 7 0 % 02-30% N2. 

erably. Our calculations are therefore based on 240 min as being the longest He tissue half-
time, and 640 min the longest N2 half-time (1). 

It has been determined through preliminary experiments with bottom times of up to 6 hr 
at 23 atm abs that the supersaturation ratio of 1.6:1 suggested by Haldane is too large for 
deep dives, and that the same ratio is not applicable to all tissues. The supersaturation ratio 
has to be drastically reduced, especially for the slow tissues that control the whole decompres­
sion schedule following saturation dives (5, 6). Our present experience in tolerated supersatura­
tion ratios, gathered from saturation dives made between 1967 and 1969 at 23 and 31 atm abs 
with excursions to 36 atm abs, is set out in Fig. 2. 

^He tissue "'"^Ng tissue ^^ambient 

17 
i.eK 

H e r,/2 
160-240 Min 

/ 45-90 M i n 
^ / 15-30 M in 

10 15 20 

A t m a b s 

25 30 35 

FIG. 2 . Tolerated supersaturation factor (ordinate) for fast tissues with He half-times to 3 0 min; for slower 
tissues, from 4 5 to 9 0 min; and for the slowest tissues, from 1 6 0 to 2 4 0 min, correlated with the total inert gas 
pressures in the respective tissues (abscissa). The stages of decompression were calculated according to these 
supersaturation factors. 
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FIG. 3 . Final decompression below 4 . 0 atm abs after saturation diving with 02-He mixtures. 2 7 hr with 
2 1 % 02-79% He (not performed); 1 6 hr with 2 1 % 02-79%, He and with 1 0 0 % O2 below 2 . 4 atm abs (not 
performed); 1 6 hr with air below 4 . 0 atm abs; 1 0 hr with 5 0 % 02-50% N2 below 3 . 3 - 4 . 0 atm abs. 

So-called 'Vertigo bends'^ can occur if the hmits—45-90 min—shown on the middle curve 
of Fig. 2 are exceeded. The lower curve represents the slow tissues, such as those about the 
joints, in which the more typical attack of bends occurs. To determine the supersaturation 
ratios, the inert gas partial pressures of He and N2 have to be added together. In all our ex­
periments, final decompression was calculated on an approximate ratio of 1.5:1. 

After deep diving with exposures lasting some hours to saturation, decompression was 
simphfied by putting O2, He, and air directly into the pressure chamber. This method elimi­
nated the need for preliminary preparation of gas mixtures and the need for breathing ap­
paratus. The decompression procedures are identical once the same inert gas pressure of He 
and N2 is reached in the tissues with a He half-time of 180-240 min. The P02 is below an average 
of 1 atm with a short and transient increase above 2 atm when a mixture of 50% 02 -50% N2 
is used. In all our chamber experiments, we maintained a comfortable temperature and a 
relative humidity of 70-90%, and ehminated practically all CO2 from the chamber. 

We performed two versions of the final decompression below 4.0 atm abs, first with a breath­
ing mixture of 50% 02 -50% N2, and second with air. The time difference is only 4-6 hr. We 
now prefer to avoid the risk of O2 poisoning by using air in the final stage of decompression, 
and we accept He contamination of up to 5% in the chamber atmospehre (Fig. 3). 

Based on the same supersaturation ratios, calculations indicate that the final stage of de­
compression would take 27 hr when the breathing mixture is 21% 02 -79% He, as opposed to 
16 hr when air is breathed. However, we have never performed a total decompression using 
only 02-He with a low O2 concentration. The frequency of minor attacks of bends, some of 
which disappeared without treatment, was not high, but shows that we have neared the limit 
in shortening decompression time. 

We have performed three saturation dives at 23.0 atm abs without decompression troubles. 
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FIG. 4. Decompression after saturation at 23.0 atm abs with 93-95% He. Stepwise increase of O2 concentra­
tion and inert gas change from He to N2 during the final phase below 4.0 atm abs. Total decompression time: 
62-64 hr if 50% 02-50% N2 is breathed below 4.0 atm abs, and 68 hr if air is breathed below 4.0 atm abs. 
78 hr 23 atm abs (Pne 22.0 atm abs): R. Gamba, age 47; E. Landolt, age 22; A. Kaelin, age 21; H. Molnar, 
age 22; J. P. Beltrami, age 27. 68 hr decompression time: June 18-24, 1968, Deep Trials Unit, Alverstoke. 
64-hr decompression time: May 5-11,1967, Zürich, with 50% 02-50% N2 less than 4.0 atm abs. 62 hr decom­
pression time: July 17-20, 1967, Zürich, with 50% 02-50% N2 less than 4.0 atm abs. 

Two experiments were done involving four different subjects in our dry chamber in Zürich; 
and one experiment was done with three divers of the Deep Trials Unit of the Royal Naval 
Physiological Laboratory at Alverstoke, England. The latter divers made swimming ex­
cursions and did other physical work in the wet compartment of the pressure chamber (Fig. 
4) (6). 

The decompressions were not carried out continuously but in steps lasting 60-120 min. 
Beginning with 50% O2 at 4.0 atm abs, two subjects showed mild symptoms of O2 toxicity, 
such as paresthesia of the fingertips and twitching of facial muscles. The successful final de­
compression with normal air in England confirmed to us the validity of our concepts and 
calculations derived from the experiments in Zürich. 

^Tertigo bends" occurring in our three Zürich experiments, which lasted to 4 hr at 31 atm 
abs and involved six different subjects, gave us some information on the handling of super-
saturation factors in the pressure range of 31 atm abs. We made a faster initial decompres­
sion, and each time one diver had trouble. Since the divers had to be recompressed for treat­
ment, a longer total decompression time was obviously required. Figure δ shows the corrected 
decompression schedule after a bottom time of 4 hr at 31 atm abs. 
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FIG. 5. Bottom time 4 hr at 31.0 atm abs with 96-97% He; compression time of 30 min not included in 
bottom time. Stepwise increase of O2 concentration and inert gas change from He to N2 during the final phase 
below 4.0 atm abs. Total decompression time: 64 hr if 50% 02-50% N2 is breathed below 4.0 atm abs. 4 hr 
31 atm abs (Ρκβ 30.0 atm abs): R. Gamba, age 46; J. P. Beltrami, age 27. 64 hr decompression time breathing 
50% 02-50% N2 at 4.0 atm abs. May 14-18, 1968. (70-hr decompression time breathing air at 4.0 atm abs.) 

Another saturation dive at 31 atm abs was performed in February, 1969, at the Royal Navy^s 
facilities in Alverstoke. On the first day, three divers made an excursion from 31 to 36 atm 
abs for 1 hr. During the second and third days, they made excursions lasting 2 hr to 36 atm 
abs, and engaged in swimming and other physical activity in the water (Fig. 6). We performed 
an extensive program of tests and medical measurements, and it seems to me important to 

T A B L E I 

TYPES OF DIVES PERFORMED AT ZtJRiCH AND ALVERSTOKE, FOLLOWED BY 
MULTIPLE INERT GAS DECOMPRESSION 

Final decompression stage after 

1. Repetitive dives during 24 hr with a total bottom time of 8-12 hr at 23.0 atm abs 
2. Saturation at 23.0 atm abs 
3. Bottom time of 2-4 hr at 31.0 atm abs 
4. Saturation at 31.0 atm abs 
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FIG. 6. Decompression after saturation at 31.0 atm abs with 97% He. During the first, second, and third 
days, excursions were made to 36.0 atm abs utilizing the same breathing mixture. Total decompression time: 
88 hr if air is breathed below 4.0 atm abs. Procedure is similar to that of Fig. 5, except that the rapid decom­
pression from depth has not been used. 81 hr 31 atm abs (Ρκβ 30.0 atm abs): E. Landolt, age 23; A. Kaelin, 
age 22; H. Molnar, age 24. 88-hr decompression time: Feb. 3-10, 1969, Deep Trials Unit, Alverstoke. 

stress that we did not find any real reduction in motor activity, motor coordination, and at­
tention span at 31 or 36 atm abs during any of these dives, except during the first hour after 
initial compression from 1 to 31 atm abs (which took 30 min in Zürich and 70 min in Alver­
stoke). Decompressions in the dives from 36 to 31 atm abs took 20 min for the 1-hr excursion 
and 30 min for the excursions lasting 2 hr. Total decompression, scheduled to last 88 hr, was 
trouble-free, except for one diver who had pains in his knees during the last hours, and was 
separated for additional decompression lasting 43^ hr. It might be mentioned that this diver, 

T A B L E I I 

INCIDENCE of MINOR BENDS IOLLOWING THE INERT GAS DECOMPRESSIONS SHOWN IN TABLE I 

Breathing mixtures No. of decompressions No. of minor bends No. of subjects 

50% 02-50% N2 16 1 8 
below 3.3-4.0 atm abs 

21% 02-79% N2 6 1 4 
below 4.0 atm abs 

Total 22 2 8-

β 8 different subjects. 
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in contrast to the other two, who had made recent dives, had made his last dive 12 months 
before the saturation experiment (4). A tabulation of the types of dives performed and the 
breathing mixtures used during decompression, in addition to the number of subjects who 
developed decompression sickness, is shown in Tables I and II. 

If we compare the results of our decompression procedures with those of American, British, 
and French investigators who have used only 02-He mixtures after short and saturation dives, 
we can conclude that the method of mixed-gas decompression described in this paper is not 
less safe than the other, and is certainly more economical in time. 
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PART V. FACTORS IN DECOMPRESSION. THE INERT GASES 

DISCUSSION 

H. V. Hempleman, Chairman 

Dr. Glauser: The discussion of gas nucleation phenomena in thermodynamics in this morning's session 
must be considered in relation to our discussion of species variability. Thermodynamics is not species-dependent 
and therefore I question why nucleation apparently is species specific. 

Dr. Flynn: We really do not know what the relevant variables are that give rise to species differences. 
One can only surmise that they are related to the rapid gas exchange times and perhaps increase in severity of 
the decompression syndrome. In other words, you may have to evolve more gas as bubbles in order to reach 
a given endpoint in a mouse than you do in man. So the thermodynamics of separation of gas may be the 
same, but the symptomatic tolerance of the animals to this amount of separated gas may be rather different. 

Dr. Harel: Does the panel have an explanation of the well-known fact that the divers who are diving 
regularly are less at risk as far as decompression sickness is concerned than those who dive occasionally or who 
dive after a long interval? 

Chairman Hempleman: We have accumulated a lot of data on caisson work, as in tunnelers, which is 
unequivocal in this respect; and the data on divers are, in my opinion, really not statistically valid. However, 
it seems to follow the same pattern when we test experienced men versus inexperienced men. This is one of the 
difficulties of estimating the parameters for decompression. 

Mr. Feld: How do you cope with more than one inert gas at a time when you use the M-value concept? 
Dr. Schreiner: That is an excellent question. How you arrive at Μ values for the gases is a really frighten­

ing question because to do it experimentally you would have to test Μ values for all conceivable combinations, 
at any given time, of inert gas in particular structures, which is just not possible to do. For the interim the 
best approach that we have used and that Dr. Bühlmann and others are using is to try to be as conservative 
as possible for projected Μ values, as for He and N2 in a mixture of the two. 

We may, however, not be taking full advantage of these two gases because if they are present simultane­
ously, the Μ value may well be higher than the one we assume. But I see no good way of direct testing of all 
conceivable combinations here. 

Dr. Hills: Dr. Schreiner, you have presented an empirical model with no specific theoretical basis, or at 
least you left it open to alternative theoretical bases. The only problem with these empirical time constants 
and decompression ratios is that these are very good as long as there is supersaturation, but the great problem 
is if a gas phase is formed then you cannot even use the exponential function which relates them. 

Dr. Schreiner: I had this model described to me by Dr. Hempleman yesterday as a black box. On one 
side you push in 200 divers who go down in the sea in He to 300-450 ft and on the other side you get a bends 
incidence of 2.3%. That describes the model. 

Dr. Stubbs: There is extreme difficulty in a physical system, let alone the physiological, keeping track of 
the inert gases that you transfer. The one thing we have observed in our oxyhelium dives using the pneumatic 
computer, starting initially as man does usually on air, is that when we expose the man to a given schedule on 
oxyhelium, his ascent profile generated by the computer, which is capable of being analyzed mathematically, 
did not always come out exactly on the final surfacing schedule as we had thought. 

The reason for this, we ascertained, was that if we prewashed the computer with the oxyhelium used 

* Panelists: R. A. Stubbs, E. T. Flynn, G. Albano, H. R. Schreiner, A. A. Buehlmann, P. O. Edel, J. A. 
Kylstra. 
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during the breathing, then it did follow the mathematical rules. In other words, we were holding up final 
decompression in the pneumatic model by the fact that it had N2 in it. 

Dr. Miller: For those of you who believe diffusion is important, it is not generally recognized, I think, 
that diffusion coefficients of gases in liquids do not seem to be related to the square root of molecular weight. 
They seem to be instead related to molecular size. This has been shown convincingly by Hildebrand and his 
co-workers at Berkeley. 

Dr. Biihlmann: It is only a factor to calculate; I have no idea if it is a reality, but we calculate with 
this factor. 

Dr. Lina weaver: Dr. Biihlmann, I noted your statement describing rapid compression to 31 atm, in 
terms of minutes. Would you discuss the incidence and severity of compression arthralgia, which has been 
plaguing us in our chamber saturation dives? 

Dr. Bühlmann: We made the very rapid compression to 31 atm with only three people, and we trained 
them to avoid hyperventilation during compression. They had no He tremors. Later for the long-lasting ex­
posure, we used relatively slow compression of 30 or 40 min and we had no tremors. We had sometimes had 
some feeling in the shoulder or in the arms. I am not sure what it is. It is important for us to avoid hyper­
ventilation during compression, and to hold the temperature normal. 

Dr. Buckles: I was interested in the report by the Canadians that they were able to take the Workman 
Μ values in dive profiles and reduce the decompression to a simple four-step serial model. For different lengths 
of dives or within limited depth and time, we do the same thing. The nine tissues do not always come into play, 
and maybe only three or four are important in a given dive. I wonder over what range of depth and time you 
were able to make that correlation. 

Dr. Stubbs: We have studied this. An example is to 250 ft for, I believe, 2 hr with 1 atm of O2. The 
agreement is within about 8 ft at the maximum discrepancy. Our best agreement, of course, is at the shallower 
depths, for example, at 100 ft for about 6 hr and at 150 ft for about 5 hr. The agreement is extremely good 
within a couple of feet throughout the range. 

Incidentally, this was using the series system reading out only one compartment. 
Dr. Van Liew: Things are complicated during a staged decompression or various kinds of compressions, 

and the only way to keep track of what is going on is to describe tissue half-times and supersaturation ratios. 
I try to keep remembering that this is only a model. 

A specific example of another kind of interpretation is that decompression sickness can be related to the 
total amount of inert gas that the animal has in him, independent of the time of exposure to a particular gas 
or the solubility of various kinds of gases. 

Mr. Krasberg: I have a partial answer to a previous question concerning acclimatization. In our saturation 
dives where work was done at the saturation depth, we have had a 12% incidence of bends. Where we have 
excursions to a greater depth, this incidence is less than 2%. 

Chairman Hempleman: One point which interests me is that in employing any of these pragmatic 
methods, the predictions used by various schools for decompression from saturation diving are orders of magni­
tude apart. For instance, there is the Biihlmann group and others who seem to come from depths of the order 
800 to 1000-ft saturation dives in times like 80-90 hr. In contrast to this, there are others (like the Navy-Duke 
University dive) who use extremely long periods of time for decompression. 

It seems to me there are two difficulties here for both groups to consider. For those who decompress rather 
rapidly to consider, why do the others who decompress extremely conservatively sometimes run into trouble 
at reasonably deep depths such as 150 ft? On the other hand, for those who are pioneering the slower, linear 
decompressions, why isn't the individual who is rapidly decompressed dead halfway through the decompression? 

Will Professor Biihlmann say what his views are on individuals who decompress much more slowly than 
his subjects do but still develop bends? 

Dr. Buhlmann: I cannot explain this phenomenon, but I have the impression that the final decom­
pression, according to the American schedule, is too fast. The total decompression is very long, but the final 
decompression—let us saj between 6 and 7 atm—is a little too fast for our calculations. But it is very diflScult 
to recalculate all the dives. We have no computer. I have to make it by myself. 

Dr. Schreiner: Generally speaking, the decompression sickness that has been encountered in some 90 
or more saturation dives I know of has, as a rule, been, as Dr. Bühlmann says, in the last 150 ft or the last 
6 atm of the dive. Dr. Buckles has emphasized that there is a very significant time element in sustaining super-
saturation; that is to say, even if supersaturation is relatively small and you expose a tissue to it for a very 
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long period of time, you will court an accident. The system may break down while you are still in the chamber. 
In very slow Unear decompressions, with tissue in a state of supersaturation for days, you should not be sur­
prised if an accident occurs after some time. On the other hand, the subjects who come up very fast are avoiding 
this difficulty. They are capitalizing, I believe, on the fact that the tissues at depth can take much more super-
saturation than we have believed, but they are cautious and are slowing as they come into the end zone and 
we are not. So I believe there may be an explanation for the discrepancy. 

Dr. Strauss: We know some of the things that make an individual or an animal more susceptible to 
decompression sickness, such as obesity, the gas mixtures, or the pressure. Do you have any clues to what 
would make an animal more resistant to decompression sickness, such as fluids or repeated decompression? 

Dr. Schreiner: The question is a very complex and large one. I would say that basically anything that 
would tend to minimize gas uptake during the gas uptake phase and anything that would enhance gas elimi­
nation during the gas elimination phase would tend to improve the chances of a successful decompression. 
And there are many ways in which this can be accompHshed. There are many ways in which the circulation 
can be controlled and thus in which gas uptake can be controlled. 

Chairman Hempleman: Dr. Edel, do you have any techniques that will make your men more resistant 
or less susceptible to decompression problems in your work? 

Dr. Edel: Other than preselection? 
Chairman Hempleman: That is one, yes. How do you preselect? Do you just bend them to find out? 
Dr. Edel: This is the best way in the long run: We try to make guesses beforehand as to which men are 

more susceptible. This does not work out all the time, but in some cases it does when you base it on some 
factors such as body build and age. There are always the exceptions to the rule, but you can more or less make 
a fair guess in advance. 

Chairman Hempleman: What sort of limits do you set? Men over 30 or 35 or 50? 
Dr. Edel: No specific limit, but in general we can expect a greater susceptibility to decompression sickness 

as age increases. So although there are no limits, we can say that on the average we find that men of late 40's 
or 50's are by and large going to be the ones that we can expect to bend. And this usually holds pretty true. 

Chairman Hempleman: Do you find at all that some men may be good at short-term diving and some 
at long-term diving? Have you made any observations of this sort? 

Dr. Edel: Where some can tolerate supersaturation of tissues, for example? One of the things that we 
were looking at was this. Normally we thought obesity would be a disadvantage in the longer dives where the 
slowest tissues were saturated, but actually it might turn out to be an advantage in the shorter dives, acting 
as a sort of buffer for the gas that is in the faster tissues. 

Dr. Fife: The question of formalized physical conditioning should be raised. Mr. Edel and others have 
pointed out that when they take a crew of divers out, they initially have an increased incidence of bends until 
they get more exercise and then it decreases. I wonder if we should not have formalized physical conditioning 
before we use men as models. 

Dr. Bühlmann: I have the impression that physical condition is a very important factor in assuring a 
good decompression. We had one severe decompression accident in a man diving 40 days after influenza, with 
a reduced blood volume and tired and not absolutely fit. He had a severe accident. His partner had absolutely 
nothing. Now we always look for good physical condition. 

Dr. Behnke: I think a remarkable finding is that these dives to deep depths and saturation dives to 
1000 ft have been made. The depths and the times have been extended and individuals have gotten along reason­
ably well. And this has all been accomplished despite these complicated mathematical models. All of this has 
been accomplished without a single measurement of inert gas exchange, without any quantitative work what­
soever. We have a beautiful, heavy overlay of mathematical work, but no measurement. Now, I think rational 
diving would be that in which the decompressed individual is using alternation of gases, which was used in 
the Experimental Diving Unit about 30 years ago, and at no time permits the inert gas in the tissue to exceed 
the ambient pressure. And a specific test, which we fail to do, is, at any given depth—if we really understood 
this matter of gas transport—to be able to alternate gases (N2, He, and H2 too) and bring individuals up from 
saturation depth without any decompression at all. 

Chairman Hempleman: Would Dr. Kylstra like to comment on that, that we are overmathematicizing 
ever3rthing? 

Dr. Kylstra: I have been delighted to see Dr. Stubbs' trial and error with all these various decompression 
schedules based on a variety of very ingenious models, and my impression was really that it does not make 
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that much difference what particular model you use or what particular schedule you use. You are going to be 
bent if you go deep and if you stay long. 

The other conclusion was that perhaps this may be due to the fact that we may be overlooking a very 
basic principle in decompression and decompression sickness. I would suggest that perhaps we might consider 
not only the possibility that the gases in solution act as gases which can form bubbles, but also perhaps we 
should consider the osmotic effects of dissolved gas. We know that in the tissues, partial pressure gradients of 
inert gases do exist during a diving or decompression situation, and we could therefore anticipate that if these 
partial pressures of dissolved gas have, as we have shown, an osmotic pressure, that therefore these gradients 
would also cause osmotic gradients and water shifts which might at the capillary level seriously impair capillary 
circulation and washout of inert gas. 



BLOOD AGGLUTINATION IN DECOMPRESSION SICKNESS 

Edgar End 

Growing interest in blood agglutination and a recent publication (11) concerning its relation 
to decompression sickness bring to mind the fact that Swindle (19) in 1937 and End (9, 10) 
in 1938 and 1939 first suggested agglutination as a cause of decompression sickness. Substantial 
evidence in support of this theory has accumulated in the past three decades. 

Following Boyle^s discovery in 1670 (5, 6) of bubbles in the bodies of rapidly decompressed 
animals, work by many investigators, particularly that of Paul Bert (3), served to establish 
the bubble theory of decompression sickness. This theory has tended to preoccupy investi­
gators to the exclusion of considering other possible causative factors. 

The bubble theory is based on the behavior of gases, chiefly the diluents of O2 in air or in 
breathing mixtures supplied under pressure. These gases dissolve in increased amounts when 
the body is under pressure and tend to come out of solution in the form of bubbles during 
too rapid decompression. The laws of physics pertaining to gases should be sufficient to ex­
plain the phenomena of decompression sickness, but they are not. 

Probably the most striking disregard for physical laws relates to the long interval that 
elapses between surfacing after a dive and the onset of symptoms of decompression sickness. 
In a representative series of cases reported by Shilling et al. (17), the average time lapse be­
tween the subjects' surfacing and the onset of symptoms was 59 min, and the maximum time 
was 7 hr. The logical time for symptoms to appear, however, is following a subject's return 
to atmospheric pressure, when pressures of gases in solution are at their highest. 

Human blood is considered remarkable for the constancy of its physical characteristics, yet 
no two isomorphous individuals have the same resistance to decompression sickness. Can this 
difference be explained on the grounds that one diver's body is able to sustain a higher state of 
inert gas supersaturation than that of his companion? And what of the man who suddenly 
develops decompression sickness while working under conditions of pressure that are no dif­
ferent from those he has worked under for weeks? Surely his blood cannot suddenly have re­
belled against physical laws! These discrepancies were mentioned by End (9) in 1938 and by 
Shilhng (16) in 1941 as serious contradictions to a decompression sickness theory based en­
tirely on gas bubble formation in the body. 

Other observations refuting the theory that inert gas bubbles play an exclusive role in de­
compression sickness are as follows. 
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It is usually difficult, if not impossible, to demonstrate gas bubbles, unless the diver or ex­
perimental animal has been subjected to almost explosive decompression. 

Bubbles discovered in postmortem examinations may not have been there before death, and 
vice versa. 

The body appears to be capable of absorbing without ill effects large amounts of air ac­
cidentally injected intravenously. 

Decompression schedules incorporating a substantial margin of safety for average diving 
do not provide a guarantee against decompression sickness in all divers which they should 
do if physical factors only are involved. 

After what has been considered complete saturation of the body with inert gas, it is im­
possible for a subject to remain longer at that depth without a comparable extension of de­
compression time, which is contrary to the laws of physics upon which decompression tables 
are based. 

A personas physical condition, as influenced by such factors as illness, age, and fatigue, 
often determines his susceptibility to decompression sickness. 

An increase in the CO2 content of the air breathed under pressure greatly increases the 
incidence of decompression sickness. 

This last observation—the most difficult one to reconcile with the laws of physics—was 
made by Hunter (14) in 1887. Moir (15) in 1896 was able to reduce the incidence and severity 
of decompression sickness among workers in the Hudson tunnel by providing better ventila­
tion. Snell (18) devoted much space in his book to the toxic effects of CO2 and showed statis­
tically that increased levels of CO2 in poorly ventilated working areas correlate with a high 
incidence of decompression sickness. Momsen (2) put this knowledge to a practical test when 
two divers suffered from decompression sickness, apparently caused by an accumulation of 
CO2 in their inadequately ventilated suits. He required them to perform the same dive on the 
following day, but with their suits adequately ventilated, and neither suffered from decom­
pression sickness. Physiological factors rather than physical laws apparently determined their 
reaction. 

Agglutination 

First described by Swindle and demonstrated by End in rapidly decompressed animals, 
agglutination of erythrocytes appears to be a phenomenon in which the formed elements of 
the blood lose their common repulsion and tend to agglomerate and to adhere to vessel walls. 
Up to a certain point, this is a reversible phenomenon, after which true thrombosis and em­
bolization occur. Swindle reported that CO2 tends to increase agglutination and O2 to reverse 
it—just as CO2 tends to increase the incidence and severity of decompression sickness, and O2 
tends to reduce it (1). The body retains CO2 while it is under pressure, and an increased CO2 
output persists for a long time after the diver surfaces (12, 13). These facts may explain the 
often protracted interval between a diver's surfacing and the onset of symptoms of decom­
pression sickness, during which time agglutination may be taking place. 

Inert gas bubbles, when present, probably appear first in areas in which circulation is im­
peded by agglutinated cells. Recompression not only reduces the size of the bubbles, but also 
tends to reverse the process of agglutination. Use of O2 recompression at pressures of 2 to 3 
atm abs has been very successful (4, 20) in the treatment of decompression sickness, probably 
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more so from the effect of O2 on agglutination than from the removal of bubbles by the pres­
sure. 

Cockett and Kado (7) have shown that fatty-gaseous particles probably cause a pulmonary 
blockage in decompression sickness that low molecular weight (LMW) dextran is effective in 
treating. LMW dextran apparently acts as an excellent dispersant of agglutinated cells as 
well as a means of correcting hemoconcentration. As Bornmann says (4), ̂ 'Dextran would also 
serve to ameliorate the microcirculatory stasis and sludging which accompany severe de­
compression sickness.'' He also mentions that ''heparin in small doses acts to promote vasodila­
tation and plasma clearing, and use of it in the treatment of decompression sickness has been 
reported. . . 

A theory of Davis (8) can be apphed to agglutination. The stress of rapid decompression 
destabilizes the physiological emulsion of fat in the blood and probably produces the ''fatty-
gaseous'' particles mentioned by Cockett (7). At the same time, the formed elements and 
vessel walls, which are normally in a state of equilibrium and mutual repulsion, are disturbed 
by stress-induced elevation of ionic fatty acids and the deposit of microgels on Upid-rich plate­
lets and red blood cells. 

The whole system then shifts from a stable hydrophihc state to one in which charged centers 
expose hydrophobic chains to similarly destabilized plasma and fibrinogen particles (H. L. 
Davis, personal communication). The end result is agglutination and, finally, thrombosis. 
Hemoconcentration and circulatory stasis contribute to the disorder. Recompression, LMW 
dextran, hyperbaric O2, and the effect of anionic heparin in restoring a negative charge to 
formed elements deserve study in connection with the apparently primary role that aggluti­
nation plays in all but explosive decompression sickness. 
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CIRCULATING LIPIDS AND INERT GAS EXCHANGE 
UNDER HYPERBARIC CONDITIONS 

Paul W. Lange, Alf Martinsson, and Hans 0. E, Bockert 

A diver may develop symptoms of decompression sickness after deep diving (to depths 
greater than 50 m) during which he breathes air, even if decompression tables and other safety 
precautions have been followed carefully. Prehminary test results (5) have shown that hpemia 
occurring after a big meal considerably influences the gas solubility and saturation capacity 
of the blood that are observed under hyperbaric conditions. The present investigation was 
performed to study the in vitro relationship between the gas solubility and saturation capacity 
of blood, on the one hand, and its content of hpids, triglycerides, and cholesterol, on the other. 

Material and Methods 

Two identical experiments were run simultaneously in our pressure chamber (Fig. 1). 
Blood, contained in ordinary clinical infusion bottles with added ascorbic acid-citrate-dex­
trose (ACD) solutions, was obtained from a blood bank. In all experiments, 30 ml of fluids 
were used—in control experiments, 30 ml of blood; in the other experiments, 2, 4, or 8 ml of 
Intralipid 20% (Vitrum) were added to the necessary amount of blood to total 30 ml.* The 
blood, in glass jars, was put in a small plexiglass pressure chamber and exposed to compressed 
air for 4 hr at 6 atm abs. A pipet (length, 350 mm) with a stopcock at the top was placed in a 
vertical position through the wall of the chamber into the blood. During the pressure exposure 
the blood was slowly and constantly agitated with a magnetic stirrer to ensure maximum 
saturation. After saturation, the stopcock was carefully opened and the pipet was filled with 
blood. The stopcock was closed again, and the chamber was decompressed; the gases dis­
solved in the blood in the pipet then collected at the top of the pipet where their volume could 
be read. The pipet was placed at the same distance from the bottom of the jar in each experi­
ment. 

The serum samples as well as the different emulsions were analyzed for triglycerides and 
cholesterol. The lipids were extracted with isopropanol according to the method of Lofland 

* Intralipid is an emulsion for parenteral nutrition and has the following composition: Oleum sojae fractionat. 
20 gm; lecithin fractionat. e. vitello ovi 1.2 gm; glycerol 2.5 gm; aqua steril ad 100 ml f.emuls.steril. 
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FIG. 1. Experimental apparatus with pressure chamber and pipets demonstrating method of measurement 
of released gas volume (left) and position of blood during saturation period (right). 

(12); but instead of Doucil (Zeolite only), a mixture of Zeolite Lloyd reagent, CuSO4'10H2O 
and Ca(0H)2, recommended by Kessler and Lederer (9), was used. Samples 47 and 57 (Table 
I) were diluted with physiological sahne before extraction to decrease the methodological 
error in this cholesterol concentration range. The triglyceride content was determined through 
use of the method of Handel and Zilversmit (15), as modified for use with an Auto-Analyzer 
by Lofland (12). However, the concentrations of periodic acid and sodium arsenite were 
lowered to 0.025 and 0.05 M, respectively, to obtain better reproducibihty. Triolein was used 
as the standard for this test. Cholesterol was determined by the method of Levine and Zak 
(11), modified for the Auto-Analyzer technique. 

T A B L E I 

GAS EVOLVED FROM VARIOUS BLOOD SAMPLES AFTER DECOMPRESSION COMPARED WITH 
THE CHOLESTEROL AND TRIGLYCERIDE CONTENT 

Control—no Intralipid 
added" 2 ml Intralipid added" 4 ml Intralipid added" 8 ml Intralipid added" 

No. mm chol trigl No. mm chol trigl No. mm chol trigl No. mm chol trigl 

4 4 1 0 1 7 3 1 1 5 3 2 8 2 3 7 3 6 5 1 3 1 1 3 1 5 4 3 0 8 1 3 2 6 5 8 1 0 
5 3 1 0 1 7 3 1 1 5 4 5 1 2 2 4 0 3 0 5 1 5 1 1 3 5 0 4 3 0 1 0 1 6 2 1 5 8 1 0 
5 8 5 1 7 3 1 1 5 4 6 8 2 4 0 3 0 5 1 7 1 8 2 7 5 4 3 0 1 4 1 9 3 5 0 8 1 0 
6 0 6 1 7 0 1 7 0 4 9 1 0 2 4 0 3 0 5 1 9 1 3 3 4 0 4 3 0 1 6 1 9 3 5 5 8 1 0 
6 4 6 1 7 0 1 7 0 5 3 9 2 4 0 3 0 5 2 1 1 7 2 8 0 4 3 0 1 8 2 8 3 4 5 8 1 0 
6 6 6 1 7 0 1 7 0 5 6 7 2 4 0 3 0 5 2 6 1 0 2 8 0 3 8 0 2 0 1 6 3 1 5 8 1 0 
6 7 6 1 7 0 1 7 0 5 9 8 2 4 0 3 0 5 2 9 1 5 3 0 4 5 5 5 2 2 2 1 3 0 0 8 3 6 
4 8 4 1 7 3 1 1 5 6 1 1 1 2 3 7 3 6 0 3 1 1 0 3 0 4 5 5 5 2 7 1 5 3 1 5 8 3 6 
6 8 6 1 7 0 1 7 0 6 3 8 2 3 7 3 6 0 3 3 6 3 0 4 5 5 5 4 7 1 5 4 4 1 8 7 5 
6 9 7 1 7 0 1 7 0 6 5 1 0 2 3 7 3 6 0 3 4 9 3 0 4 5 5 5 5 7 1 1 4 4 1 8 7 5 

Μ 7 171 1 4 8 9 2 3 9 3 2 8 1 2 3 0 6 4 7 5 1 7 3 3 4 8 2 8 
± S D 1 0 . 5 9 1 0 . 5 9 1 8 2 2 1 2 2 8 

»mm = length of column of gas evolved after decompression, 
chol = serum cholesterol in m g / 1 0 0 ml. 
trigl = serum triglyceride in m g / 1 0 0 ml. 
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Professional deep-sea divers are physically well-trained persons, typically possessing a good 
appetite. To ensure that the in vitro experiments had been performed within the extreme 
physiological limits of lipemia, we gave five male students a big meal consisting of bacon, eggs, 
sausages, fried potatoes, milk, and cheese sandwiches, plus a cigarette—the meal representing 
an intake of some 4600 calories. Their blood was analyzed for cholesterol and triglycerides 
immediately before and again 3 hr after the meal. 

The following sources of error must be taken into account in our investigation: {!) the 
readings; {2) the pipetting; (S) the analyses of cholesterol and triglycerides; and (4) the amount 
of dissolved gas (because the length of blood columns varied during the experiments). 

The total effect of the random errors ( i ) , (^), and (5), in addition to others, is shown as the 
errors of the mean in Table I. However, (4) could give rise to a systematic error in all the 
measurements. 

During decompression, the gas collected in the upper part of the pipet reduced the length 
of the blood column from which it was released. To determine an eventual systematic error 
caused by the small relative variation (up to about 4%) of this length, the following hypothe­
sis was analyzed. Instead of collecting in the upper part of the pipet, let us assume that the 
gas was passed into a second pipet above the first one (and of the same diameter) at a pressure 
of 1 atm minus the pressure exerted by the length of the blood column. Thus the length, L, 
of the blood column would be constant during the release of the gas. At equilibrium after de­
compression the length of the gas column in the second pipet would be Z, which is also a measure 
of the gas volume released. It is reasonable to assume that at any time, t, following the decom­
pression, the rate at which the dissolved gas is released from the blood in the pipet will be di­
rectly proportional to {!) the volume of blood, and {2) the difference between the amount of 
gas dissolved in the blood column before decompression and the amount of gas remaining in 
the blood at time L The rate of gas release can be represented by the following formula: 

dx 
- = k-Lil-x) 

in which X is the length of the gas column in the second pipet at time t and is a constant. 
After integration (x = 0 for ¿ = 0) we obtain 

At equilibrium {t = oo) χ = Z, as expected. Now in our actual experiment, L is changed toward 
L — X and I — χ toward 

[{L-x)/L]l-x 

This latter expression for the remaining gas above that at equilibrium in the blood column 
is only approximately correct, since the amount of gas released at the time t (x) has been re­
leased from a blood column varying in length from L (at time / = 0) to L — a; (at time t). 
However, the error introduced in this way is small, since in our experiments χ is small in com­
parison with L{x < 0.05L). We thus obtain 
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which gives 

I ~ L e - ^ ^ ' 
X = 

[{L + I)/L] - e-'^^ 

At equihbrium (t = o o ) we obtain 

x = [L/{L + l)]l 

This value of χ is lower than L In our experiments I is always < 0.05L, which means that the 
systematic error introduced by our experimental conditions never exceeds 5%. 

Results 

The values obtained in the in vitro experiments are shown in Table I and are also plotted in 
Fig. 2. 

As shown in Fig. 2, a hnear relationship exists between the released gas volume, expressed 
in millimeters on the pipet, and the amount of added Intrahpid. The volume of released 
gas is proportional both to the amount of triglycerides and the amount of cholesterol. A hnear 
relationship was obtained between the amount of released gas and the amounts of both tri­
glycerides and cholesterol (in mg/100 ml). 

The results of the analyses of cholesterol and triglycerides in the students' blood before 
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FIG. 2. Relationships between released gas volume and amount of added Intralipid, amount of cholesterol, 
and amount of triglycerides. The curves are obtained from the values in Table I. ( X — · ) Cholesterol -f-
triglycerides; ( Δ — ) triglycerides, mg/100 ml; ( φ —) cholesterol, mg/100 ml; (O ) ml added Intrahpid. 
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Subject Before After Difference Before After Difference 

1 190 195 5 85 220 135 

2 215 220 5 150 460 310 

3 180 190 10 100 320 220 

4 215 210 - 5 120 450 330 

5 205 210 5 85 180 95 

Mean: 4 ± 3 Mean: 218 ± 46 

and after a big meal are shown in Table IL As can be seen in the table, there were no signifi­
cant differences in cholesterol levels. The mean values for triglycerides, however, increased 
by a mean factor of 3. This demonstrates that the in vitro experiments were performed with 
similar amounts of hpids that might exist in vivo (4). 

Discussion 

The authors are anxious to stress that the aim of this investigation was to study the rela­
tionship stated in the first paragraph and to develop a simple method for that purpose. No 
doubt our method could be refined further, but to obtain the information we desired from the 
present investigation, it was not necessary. 

In view of our results, it seems hkely that the probability of developing decompression sick­
ness increases if the diver has eaten a fatty meal shortly before diving. The chnical importance 
of this will be tested in animals and the results will be presented at a future date. 

It is known that the Greek sponge divers from Kalymnos have for generations not eaten 
before diving. Their knowledge of diving procedures is purely empirical, of course, but their 
attitude regarding food intake before diving seems to support our laboratory findings. Further 
experiments will tell us if lipemia induced at the end of decompression, or immediately after 
diving, will decrease the risk of decompression sickness. 

Few studies have been made of the 24-hr variations in serum hpids after fat consumption. 
Havel (3) found an increase in serum neutral fat, the maximum peak being reached about 3 
hr after fat intake. The serum triglyceride level then returned to the fasting value 24 hr after­
ward. These results agree in general with those of Hollister and Wright (4). These investiga­
tors, as well as Kuo and Carson (10), showed that the diurnal variations of cholesterol and 
phospholipids are minimal after fat intake. 

Analyses have also been made of the relationship between ethanol intake and ahmentary 
intake, and it is now recognized that alcohol causes the lipids in the blood to increase (2, 6, 
13, 14). In one investigation (14), increased triglyceride levels in the blood were registered 
more than 4 hr after intake of only alcohol. But the serum triglyceride level was more than 
three times its initial value 6 hr after intake of both alcohol and a fatty meal. Conscientious 

TABLE II 

CHOLESTEROL AND TRIGLYCERIDE CONTENT IN SUBJECTS' BLOOD BEFORE AND AFTER A BIG M E A L 

Cholesterol (mg/100 ml) Triglycerides (mg/100 ml) 
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divers know that they should not dive immediately after alcohol intake; but diving the day 
after alcohol intake is certainly not uncommon. Consideration, therefore, must also be given 
to the effect of alcohol on deep divers who drink the day before diving. 

The free fatty acid fraction of the lipids also rises immediately after smoking, but the in­
crease appears to dissipate within an hour (7, 8). Patients with abnormal serum fat levels 
have been studied by many investigators through fat tolerance tests (1). Different techniques 
have been used in these several studies, making the results difficult to compare; but they 
showed that maximum serum hpid concentration was reached between 3 and 7 hr after the 
lipid ingestion. The reasons for these variations in time are not clear, but individual differences 
in gastric emptying, lipase action, and fat resorption must be considered. 

Using fat tolerance tests, Angervall (1) found that in patients with hypercholesterolemia 
and hypertriglyceridemia, the serum triglyceride level remained elevated over a longer period 
than it did in control subjects. While persons with a high serum lipid level show an abnormal 
type of response to ahmentary fat intake, at present it is impossible to state whether a con­
stantly high serum Hpid level is of practical importance in deep diving. 
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COEXISTENCE OF LIPID AND GAS EMBOLI IN 
EXPERIMENTAL DECOMPRESSION SICKNESS 

A.T.K. Cockett, S. M. Pauley, J. C. Saunders, and F. M. Hirose 

A traditional concept of nitrogenous bubble embolization has arisen as the etiological factor 
in decompression sickness. Quite properly, recompression has been used to treat this syn­
drome, and the results of treatment usually have been dramatic and effective. However, many 
factors are influential in the etiology and treatment of decompression sickness. 

In 1961 we first pointed out the importance of hemoconcentration in bends occurring at 
altitude, and through standard clinical tests demonstrated the degree to which plasma deficit 
is involved (8). Subsequent studies by our group, using mongrel dogs who had been splenec-
tomized, further documented the extent of this plasma loss (4). Low molecular weight (LMW) 
dextran replacement was effective in treating shock and maintaining an effective circulating 
blood volume (3, 6). Recompression was dehberately withheld. 

These early findings suggested to us that the causative factors in the syndrome of decom­
pression sickness are more complex than simply the formation of inert gas bubbles. LMW 
dextran reverses the blood viscosity caused by fibrinogen by forming a dextran-fibrinogen 
complex. This role is additional to its colloidal, plasma expansive functions. Dextran also 
affects hemostasis; it apparently alters the red blood ceU surface by increasing its negativity, 
thus encouraging repulsion among the red blood cells. 

A chance finding, later reported by our group (5), helped to clarify our understanding of 
this syndrome. We discovered bone marrow emboli in pulmonary arterioles following experi­
mental decompression sickness, and suggested that a number of emboh in the lungs, kidneys, 
and liver were hpid in content. These findings formed a new, wide-based approach to therapy 
that was amply supported by our results in treating humans suffering from decompression 
sickness. Dextran infusion begun immediately after diagnosis improved the patients' shock­
like state and permitted a shortening of the recompression schedule. 

Recently we restudied the lung areas of 14 dogs known to have developed emboli during 
experimental decompression (2). These pulmonary tissues were obtained through biopsy or 
at autopsy. Pulmonary locahzation of air emboh has become possible with the development 
and refinement of radioisotopic pulmonary scanning techniques. 

The purpose of the present discussion is to report the findings in microscopic examination 
of lung tissues of animals that were compressed in the manner described below. 
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Materials and Methods 

Thirty-four mongrel dogs were used in this investigation. Five were killed and served as 
controls for baseline data on the pulmonary tissues studied for fat emboli by oil-red-0 staining 
techniques. The other 29 animals were compressed to the pressure equivalent of 165 FSW 
(73.5 psig) in an air atmosphere. The dogs were maintained at that pressure for a period of 60 
min before they were decompressed to surface pressure at the rate of 7 psi-min. 

Of the 29 dogs, five were used as experimental controls and were not treated for decompres­
sion sickness. Of the others, 14 received therapy in the form of LMW dextran administered 
intravenously at various times after decompression. The remaining 10 animals received therapy 
in the form of heparin administered intravenously 3 hr after decompression. 

The bodies of the five experimental controls and of the five unexposed controls were submit­
ted to postmortem analysis. Their lung tissues were removed and studied for air embolism and 
stained for the presence of fat emboU. 

The treated animals were given a baseline radioisotopic lung scan prior to pressurization. 
The dextran-treated group was then submitted to a second lung scan 48 hr after the pressure 
exposure in order to locaUze areas of emboUzation. Biopsies were taken of these areas, and 
the tissues were then oil-red 0-stained and microscopically studied. The heparin-treated ani­
mals were also given a second radioisotopic lung scan to locahze the areas of emboHzation. 
Lung biopsies were made and the tissues stained for the presence of fat emboli. 

FIG. 1. Photomicrograph demonstrating fat emboli in small capillaries in the pulmonary region of a dog 
exposed to 1 6 5 F S W for 6 0 min but untreated after decompression ( X 1 0 0 ) . 
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FIG. 2. Fat embolus (oil-red-O) in capillary in the lung of a dog exposed to 165 FSW for 60 min but untreated 
after decompression ( X 125). 

Results 

UNEXPOSED CONTROL ANIMALS (5 DOGS) 

Occasional fat globules were seen in the lungs of these animals, who had not been fed during 
the 24 hr prior to death. The fat globules were difficult to locate, and were observed in areas 
containing the smaller blood vessels near the bronchial cartilages. 

EXPOSED BUT UNTREATED ANIMALS (5 DOGS) 

Numerous lipid emboli were easily identified in routine sections (Figs. 1 and 2). The emboh 
appeared most frequently in areas where hemorrhage and pulmonary edema were present. 

T A B L E I 

THE EFFECTS OF HEPARIN TREATMENT ON ANIMAL 
SURVIVAL FOLLOWING DECOMPRESSION FROM 1 6 5 F S W 

Number of dogs 

Sample Total Survived Expired 

Control 5 0 5 
Heparin 10 10 0 
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FIG. 3. Hemorrhage and pulmonary edema in the lung of a dog exposed to 165 F S W for 60 min and treated 
after decompression ( X 60). 

FIG. 4. Fat emboli (oil-red-0) in small vessels surrounding the bronchioles of a dog exposed to 165 FSW for 
60 min and treated after decompression ( X 100). 
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Discussion 

Philp et al (9) and Barthélémy (1) have reported the benefits of heparin as a hpemic clearing 
agent in decompression sickness. Survival rates among their subjects were significantly higher 
when heparin was used in treatment. We ourselves recently confirmed the benefits of heparin 
in experimental decompression sickness (7). Lipid embohzation seemed to us to be significant 
since recompression was not employed, and heparin therefore appeared to provide the neces­
sary protection. 

Although gaseous embohzation is undoubtedly a major factor in the genesis of decompres­
sion sickness, our experience with dextran suggests the more important role of lipid emboli. 
Lipid content of blood is likewise reduced by dextran treatment. There are striking similarities 
in the chnical syndromes of traumatic fatty embohzation and decompression sickness : 

1. A latent period occurs in each before the onset of symptoms. 
2. Symptomatology is identical, and includes pulmonary edema, hypoxia, shock, and CNS 

signs. 
3. Petechiae in patients with decompression sickness follow the skin discoloration occurring 

in fat embolism. 
4. Successful therapeutic regimens are similar. 

Summary and Conclusions 

1. Lipid embolization appears to play a major role in the genesis of decompression sickness. 
2. There is evidence of the coexistence of hpid emboh and gaseous emboh. 
3. Heparin or dextran, both effective lipemic clearing agents, are beneficial in treating 

experimental decompression sickness. 
4. A combined therapeutic approach, recompression and dextran, should be employed in 

treating human decompression sickness. Heparin can be used alone as a substitute in selected 
instances. 
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EXPOSED AND TREATED ANIMALS (24 DOGS) 

Of these animals, 14 were treated by dextran alone (data not shown), and 10 with heparin 
alone (Table I). Evidence of hemorrhage and pulmonary edema existing in pulmonary areas, 
as diagnosed by radioisotopic lung scanning, can be seen in Fig. 3. Fat emboh were also ob­
served in biopsied areas 48 hr after decompression (Fig. 4). 
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ASEPTIC BONE NECROSIS IN ROYAL NAVY DIVERS 

D. H. Elliott and J. A. B. Harrison 

The feasibihty of a prolonged dive to a depth of 1000 ft is well established. Although many 
scientific problems remain to be solved, it would appear that, from the practical point of view, 
no obvious hazards to operational deep diving exist. Unfortunately, not all hazards are ob­
vious. 

While overt manifestations of decompression sickness can be easily recognized and then 
treated successfully, it is already accepted that other pathological effects of decompression 
may exist that do not cause an acute form of the illness. Even at relatively shallow depths, 
for instance, a diver—however asymptomatic he remains—continues to run the risk of damage 
from '̂silent'̂  bubble formation in the body, a risk that becomes even greater with the pro­
longed decompression that must follow deep diving. Of special significance are two sites that 
may possibly suffer damage without early symptoms—the CNS and the skeletal system. 

With respect to the CNS, Rozsahegyi (14) has recently described residual neurological 
findings in compressed air workers. He also found psychiatric changes, EEG changes, and 
other long-term pathological effects in as many as 60% of the 800-900 workers whom he ex­
amined. He stated, furthermore, that many of these changes might not have been discovered 
through a routine neurological examination. 

With respect to the skeletal system, aseptic necrosis of the bones of compressed air workers 
has long been recognized as producing symptoms that may not appear until months or even 
years after the pressure exposures. In a recent survey (10) radiological examination revealed 
bone damage in nearly 20% of a group of caisson workers, many of whom had no relevant symp­
toms. It can be predicted that, in some of these workers, the ^^silenf' damage to such sites 
as the hip and shoulder joints will be followed at a later date by the collapse of a juxtaarticular 
bone and the onset of joint pain. (Lesions around the knees are not usually juxtaarticular.) 
Thus, potential disabling lesions can be assumed to exist in a proportion, perhaps a large one, 
of compressed air workers who are at the present time symptom-free. 

In the first cases of aseptic necrosis of the bone reported among compressed air workers, 
pain was the initial symptom. It was not until some years later that radiological examinations 
of sample populations of compressed air workers were made to detect the presymptomatic 
lesions. Similarly, among divers the first reports of aseptic bone necrosis involved patients 
who had sought treatment for joint pain. Until more is understood about the differences in 
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FIG. 1. Sites of bone lesions, taken from individual case reports on divers (3 , 4 , 6, 11 , 13 , 15 , 18 , and R . 
Barnes, personal communciation). The black areas indicate both shaft and juxtaarticular lesions. 

the physiological mechanism of decompression and decompression sickness thresholds between 
men who work in compressed air and those who work immersed in water, an evaluation of 
these risks to divers must be a separate investigation. 

A search of the hterature indicates that the first case of aseptic bone necrosis that could 
possibly be connected with diving was reported by Seifert in 1936 (16) j but since his patient 
worked on the seabed within the protection of a diving bell, and consequently cannot be con­
sidered a true diver, the case has not been included in our survey. It therefore appears that 
the first report of a suited diver with bone necrosis was made by Grutzmacher in 1941 (6). 
The characteristics of this case, as well as those contained in later reports on small numbers 
of individuals—most of whom sought medical help because of symptoms (3, 4, 11, 13, 15, 
18, and R. Barnes, personal communication)—are summarized in Table I. The approximate 
sites of lesions in these patients are indicated in Fig. 1. 

There are, of course, cases of bone necrosis in divers other than those tabulated in Table I. 
But even if the data had been published by the divers^ physicians, they would have only 
Umited value. The difficulty of drawing any general conclusions from any such data fies partly 
in the nature of the original diagnosis—in particular, the differences in radiological interpre­
tations made by different radiologists of the nature and extent of the lesions—and partly in 
the case reports themselves. In some reports, for instance, the authors list the symptom-free 
lesions as well as the original lesion that produced symptoms; but none gives the negative 
findings. It is therefore possible to conclude from many reports that some anatomical site is 
symptom-free when, in fact, it was never X-rayed. 
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R 
L — 

Barnes (personal 1 R — 
communication) 

Uhl(18) 4 — L 
R, L L 

R — 
L — 

Since Grutzmacher's 1941 report (6), several other surveys have been made of selected 
samples of the diving population. Of 47 divers examined radiologically by Herget (7, 8), 13 
had aseptic bone necrosis. Seven of these had bilateral lesions of the shoulders; one, bilateral 
lesions of shoulders and hips; and five, lesions of one shoulder. These 13 men had been exposed 
to a maximum pressure of 5 atm, and nine of them had experienced episodes of acute decom­
pression sickness. 

In a later paper, Herget (9) stated that in 29 out of 90 divers examined, there was radio­
logical evidence of necrosis of the epiphyseal region, notably of the head of the humerus. Her­
get described the particulars of six of these cases, but did not give a detailed analysis or sum­
mary of the lesions in the other 23 divers. 

Sl0rdahl (17) examined 13 divers and found three to have aseptic necrosis of bone. One had 
bilateral lesions of shoulders and hips, with associated symptoms in the left hip and impaired 
movement of both hips and of one shoulder. Another had bilateral lesions of the shoulders; 
and the third, a lesion of one shoulder, which also caused symptoms. 

An extensive survey was conducted at Kiel, Germany, by Alnor (1), who found 72 cases 
of bone necrosis in 131 divers. Of the 131, 65 had been kept under observation for more than 
10 years, and 22 of them remained free of radiologically identifiable lesions. Of the 43 with 
lesions, 17 had related symptoms; 10 of these had some physical incapacity; and 7 were totally 
unable to work. Shoulder lesions were present in 39, hip lesions in 12, and other sites were af­
fected in an unspecified number. Alnor et al (2) later tabulated, according to the anatomical 
site affected (Fig. 2), the total number of lesions in this group of 72 divers. 

Although their description of aseptic necrosis was quite generahzed, Fournier et al (5) 
found bone lesions in 132 men, 24 of whom were divers. These researchers suggested that the 
incidence of the malady in divers was 25%, and that the lesions were more common in the 
humerus than in the femur. 

T A B L E I 

SITES OF LESIONS FROM INDIVIDUAL CASE REPORTS OF DIVERS 

Humerus Femur Femur Tibia 
Survey No. of cases (shoulder) (hip) (knee) (knee) 

Grutzmacher (6) 1 R, L — — — 
Sartor (15) 1 R L — — 
Dale (4) 2 R, L — — — 

— R — — 
Ronald (13) 1 R, L — R, L R, L 
Angei and Cossu (3) 1 — — R — 
Pirastu and Perra (11) 3 — — L — 
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FIG. 2 . Sites of bone lesions in 7 2 divers, found by Alnor et al. ( 2 ) . The black areas indicate both shaft and 
juxtaarticular lesions. 

Ohta (personal communication) found 152 cases of bone necrosis among 301 professional 
Japanese divers (Fig. 3). He further noted that the incidence was 15% among divers aged 
16 to 19 years, and 76% among those over 40 years. 

In the cases contained in these surveys (Table II)—none of which, incidentally, appear to 
have included 02-He divers—the mean incidence of lesions was approximately 50%. Of the 
divers assessed by Herget (7, 8), Sl0rdahl (17), Alnor (1, 2), and Ohta (personal communica­
tion), 147 men had lesions in the head of the humerus, and 72, lesions in the head of the femur. 

Although earlier investigations revealed no case of bone necrosis in the Royal Navy, it was 
deemed worthwhile in 1966 to initiate a radiological survey of R.N. divers so that a larger 
proportion of professional divers would be included. This survey is still under way; and al­
though the complete results will not be available for some years, the prehminary findings are 
of interest. 

If future comparisons of the pathology found in divers from different parts of the world are 
to be vahd, some standardization of investigative procedure is essential. It is therefore con­
sidered to be of particular practical importance at this time to describe the techniques of the 
present survey, including those of radiological interpretation, and also to define the classifi­
cation of the lesions found. 

The objective of our pilot study was to X-ray as many as possible of the professional divers 
serving in the Royal Navy in order to discover the incidence, if any, of bone lesions. These men 
were all trained to use compressed air and gas mixtures to depths of 250 ft; many had been 
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FIG. 3. Sites of bone lesions in 1 5 2 divers, found by Y . Ohta (personal communication). The black areas 
indicate both shaft and juxtaarticular lesions. 

T A B L E II 

DISTRIBUTION OF BONE LESIONS IN PREVIOUS SURVEYS OF DIVERS 

No. of divers with lesions 
(No. of lesions in parens.) 

Divers Divers Incidence Head of Head of Elsewhere 
Surveys examined with lesions (%) humerus femur (e.g., tibia) 

Herget (7, 8) 47 13 36 13 (21) 1 (2) — 
Herget (9) 90 29 32 — — — 
Sl0rdahl (17) 13 3 23 3 (5) 1 (2) — 
Alnor (1) 131, total 72 55 - (115) - ( 1 8 ) - (42) 

65 of the 131, 43 — 39 — 12 — > 1 — 
examined for 
10 years 

Ohta (personal 301 152 50 92 (126) 58 (76) 81 (110) 
communication) 



256 D. Η. ELLIOTT AND J. A. B. HARRISON 

subjects in 02-He experimental deep diving, and many more, breathing air, in shallower diving 
trials. It was originally thought that an annual X-ray for 3 consecutive years might be suffi­
cient to define the extent of the problem. Although it has to date been possible to X-ray only 
a portion of the total number of divers, the number of lesions thus far revealed is suflSciently 
large to justify making this radiological evaluation a regular part of the annual medical ex­
amination of all our professional divers. 

Radiological Technique 

High quality radiographs with good trabecular bone detail are essential for the detection 
of early lesions of bone necrosis. Even so, standardization of techniques is difficult to achieve, 
although we attempt to adhere to the following techniques and procedures. 

A screen film using a Bucky grid, when suitable, is employed. 
Anterior-posterior (A-P) radiographs are taken of each head and proximal shaft of the 

humerus. The trunk is rotated to bring the shoulder in contact with the table, with the arm on 
that side pulled down into a neutral position. The field is coned so that only the head and as 
much of the shaft of the humerus as possible are shown in the X-ray. A 10 in. X 12 in. film 
is used. 

A-P radiographs are taken of each head and proximal shaft of the femur. The field is cen­
tered over the head of the femur and is coned to give a 4 in. X 4 in. result. The feet must be 
at a 90° angle to the table top. 

A-P and lateral radiographs of each knee—including the distal femur from its midpoint, 
and the proximal tibia and fibula—are taken on 12 in. X 15 in. film. 

A gonad shield is essential. It has been stated that the dosage of ionizing radiation is low 
enough to permit the examination to be repeated without hazard at a minimum of 4-month 
intervals. 

Radiological Interpretation 

The importance to be placed on minor variations in the trabecular structure of the bones 
X-rayed must remain part of the evaluation of the radiologist, on whose skill and experience 
much depends. The films of the Royal Navy survey are read initially by the service radiologist 
of the department in which the diver is X-rayed. The films and the radiologist's report are 
forwarded to the Royal Naval Hospital, Haslar, at Gosport, Hants, England, where the films 
are compared with any previous X-rays made of the individual. All the films sent to Haslar 
are read by a single radiologist (J.A.B.H.), and selected ones are reviewed by the Medical 
Research Council (M.R.C.)Decompression Sickness Panel in Great Britain. At the end of 
the first 3 years of this program, it is proposed that the films be reread and that any in which 
the interpretation has changed be critically reexamined. The current findings must therefore 
be considered as provisional. 

The bone lesions revealed in the films are categorized, according to the M.R.C. Panel clas­
sification (10), as being juxtaarticular or shaft (Table III). Each individual is then classified 
according to these criteria: negative: having no doubtful or definite lesions; doubtful: having 
one or more doubtful lesions; or positive: having one or more definite lesions. 
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TABLE III 

RADIOLOGICALLY IDENTIFIED BONE LESIONS, BASED ON CLASSIFICATION OF THE 

M . R . C . DECOMPRESSION SICKNESS PANEL (10) 

Juxtaarticular 
Jl. Dense areas with intact articular cortex 
J2. Spherical segmental opacities 
J3. Linear opacity 
J4. Structural failures 

a. Translucent subcortical band 
b. Collapse of articular cortex 
c. Sequestration of cortex 

J5. Osteoarthritis 

Head, Neck, and Shaft 

51. Dense areas (not bone islands) 
52. Irregular calcified areas 
53. Translucent areas and cysts 
54. Cortical thickening 

A case with doubtful and positive lesions is classified as positive. 
In addition to being so classified, all films are also reported on in detail. Minor variations 

in bone structure are recorded, even though they are not currently accepted as evidence of 
aseptic necrosis (or of any other disease). At a later stage of the survey, statistical analysis 
may reveal some significance in these minor variations. A review of the early films of those 
subjects who subsequently develop necrosis may reveal additional characteristics of early 
lesions that can aid in diagnosis. 

The Differential Diagnosis 

It is well known that aseptic bone necrosis has many causes other than decompression from 
elevated pressure. But unless some other obvious cause can be attributed to it, a necrotic bone 
lesion discovered in a diver must be assumed to have been caused by diving. Among the al­
ternatives that need to be excluded in each individual are sickle-cell anemia, alcaptonuria, 
polyarteritis nodosa, syphilis, long-term corticosteroid therapy, and chronic alcoholism. 

In its investigations of compressed air workers, the M.R.C. Panel found no necrotic lesions 
in a control sample of 50 new workers who had not been previously exposed to elevated pres­
sure (10). A radiological investigation of 100 nondiving Royal Navy officers and ratings is 
also planned so that the negligible incidence of bone necrosis lesions in a nondiving population 
can be confirmed. 

The Management of Divers with Lesions 

A radiological diagnosis of doubtful or positive bone lesions requires an immediate course 
of action. In each case the affected Royal Navy diver is interviewed and examined. He is told 
of the diagnosis and that he must restrict his diving to what is described as being within the 
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'^limiting line'' by the Royal Navy compressed air table. This restriction permits, for instance, 
a maximum of 20 min at a depth of 180 ft of sea water and of 55 min at 100 ft. The hazardous 
decompressions following experimental and 02-He diving are obviously no longer permitted. 

If a diver has a positive bone lesion that is found to be juxtaarticular—whether or not there 
are accompanying symptoms—it becomes necessary to reconsider his whole future diving 
career. He should also avoid such physical stress to the affected joint as weightbearing. Until 
the clinical condition has been assessed in detail by appropriate specialists, individuals with 
juxtaarticular lesions are not, except under one condition, permitted to dive. The single ex­
ception is diving to 25 ft with closed-circuit O2 apparatus, since such a dive is considered to be 
without decompression sickness hazards. 

Results 

Of the 250 divers X-rayed by March 1969, 13 were found to have bone necrosis (Fig. 4). 
Of these, eight had at least one positive lesion (Figs. 5 and 6), five had only doubtfully positive 
lesions, and two had associated symptoms. The incidence of radiologically identified lesions 
in serving Royal Navy divers is, therefore, provisionally 6%. 

Beyond the scope of this survey we have found positive lesions in a civilian 02-He diver, 
in two persons exposed on many occasions to the Royal Navy High Altitude Selection Test, 
and in one Submarine Escape Training Tank instructor. 

FIG. 4. Sites of bone lesions in 13 divers of the British Royal Navy. The black areas indicate both shaft and 
juxtaarticular lesions. 
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FIG. 5 . Radiograph illustrating a positive bone lesion at an early stage. 

T A B L E I V 

DISTRIBUTION OF BONE LESIONS FOUND IN SURVEY OF 2 5 0 N A V A L DIVERS 

COMPARED WITH T H A T OF OTHER SURVEYS 

No. of divers with lesions 
(No. of lesions in parens.) 

Surveys 
Divers 

examined 
Divers with 

lesions 
Incidence 

(%) 
Head of 
humerus 

Head of 
femur 

Elsewhere 
(e.g., tibia) 

Alnor ( 1 ) 1 3 1 7 2 5 5 - ( 1 1 5 ) — ( 1 8 ) - ( 4 2 ) 

Ohta (personal 
communication) 

3 0 1 1 5 2 5 0 9 2 ( 1 2 6 ) 5 8 ( 7 6 ) 8 1 ( 1 1 0 ) 

Royal Navy 2 5 0 1 3 < 6 6 ( 6 ) 0 ( 0 ) 1 1 ( 2 3 ) 
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FIG. 6 . The same lesion shown in Fig. 5 after an interval of 1 2 months. 

A comparison of the sites of lesions found in Royal Navy divers with those in divers of other 
surveys (Table IV) reveals in the former a proportionately greater number in other than the 
clinically significant sites—the heads of the humerus and femur. This divergence, however, 
is probably only a reflection of the more extensive radiological search in the present survey, 
and could be taken to suggest that the incidence of necrosis in the civilian divers of other 
studies in comparison to that of naval personnel is even greater than is indicated here. 

Summary and Conclusions 

Aseptic necrosis of bone is indeed an occupational hazard of naval divers; and although it 
is reassuring to find that the incidence appears to be very much less than it is in their civihan 
counterparts, it would seem that an annual bone X-ray of all divers is the minimum safe­
guard that can be recommended. 

After the present survey has been enlarged to include a greater number of Royal Navy 
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T A B L E V 

LESIONS OF SELECTED ROYAL N A V Y CASES TO ILLUSTRATE THE TABULAR CLASSIFICATION 

Humerus 
(head and shaft) 

Femur 
(upper) 

Femur 
(lower) 

Tibia 
(upper) 

Case no. Status R L R L R L R L 

85 _ S2 + S2 + 
93 + J1 + — — — — — — — 

118 ? — — — — — — S2? — 
123 — — — — J 4 + S2 + S2 + 

S2 + S2 + 
127 — J4+« 

" Patient reports associated symptoms. 

personnel, the next step is a thorough study of their diving and decompression sickness history. 
Until the detailed pathology of the illness is known, it must be assumed that the etiology is 
a past decompression procedure that was inadequate for the particular individual. Correla­
tions must therefore be sought between bone necrosis and the circumstances of the individuaFs 
diving history, no matter how tedious the investigation may prove to be. 

It is important that the results of the several surveys of different groups of divers be collated 
so that valid conclusions regarding the etiology of bone necrosis can be reached. To satisfy 
this requirement, however, standardization of techniques and diagnosis—and tabulation of 
findings along the fines suggested in Table V—are essential. 
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PART VI. FACTORS IN DECOMPRESSION.
THE CIRCULATION AND THE CIRCULATING BLOOD*

DISCUSSION

R. D. Workman, Chairman

Chairman Workman: Dr. Madsen wishes to make some remarks about the work that has been going on
in his laboratory in terms of assessing the changes in perfusion of muscle and fatty tissues.

Dr. Madsen: The purpose of the work is to study the effects of O2 breathing on the blood flow of skeletal
muscle and subcutaneous adipose tissue. Measurements are done with a 133Xe technique, and our subjects
have been normal male volunteers. When we submitted our abstract for this meeting, we had a series of experi­
ments showing consistent reduction in muscle perfusion during O2 breathing. However, two months ago we
discovered that this reduction was an artifact, caused not by the O2 but by expiratory back pressure in the
breathing system we used. Therefore we are doing the experiments again, avoiding this source of error. In
eight subjects we now have found the resting muscle blood flow unaffected by O2 breathing at 1 atm. In four
out of seven subjects subcutaneous adipose tissue perfusion was unaffected by O2 breathing at 1 atm, while
the other three subjects showed reductions of 25, 26, and 35% in blood flow rate. Two subjects breathing O2

at 2 atm showed reductions in flow rates of 25 and 43%. We do not know how consistent these effects may be
in a larger number of experiments. We feel that the effects of changes in O2 tension on adipose tissue perfusion
must be of considerable interest since it implies changes in half-time for one of the slow tissues under conditions
which are often met in diving, particularly during O2 decompression.

Dr. Schreiner: For those on the panel concerned with bone necrosis, I wonder whether any studies have
been made to determine if continued diving accelerates the deterioration called bone necrosis. Does anyone
know that continued diving would aggravate a symptom-free, radiological finding?

Dr. Griffiths : You could not have asked a more difficult question. During our surveys of men actually
engaged in compressed air work, when we find what we call the juxtaarticular lesion in its early stages, the first
thing we have to decide is what is going to happen to this lesion. If I tell a man who is earning £80 a week
that he has to stop working in compressed air because he has a lesion at the head of his femur, he'll say, "Well
I'm going to go down to £20 a week. What's going to happen if I don't stop working in air?" And it's a question
we cannot answer.

Take lesions classed A-I, which are simply areas of density with the articular surface not yet involved.
If you follow this man by X-ray every 6 months, the lesion may not deteriorate. However, within 18 months
it may have caused a destruction of the joint surface and then he will have symptoms. There is no possible
way of saying which is going to happen.

Lesions radiologically looking identical can in 18 months cause pain by involvement of the joint surface
or in 6 years may look radiologically unchanged. But if a man has a lesion near an articular surface, my advice
is to stop working in compressed air. One has to make a decision, and I think that is the only sensible one.
But if he has a lesion, there is nothing you can do about it. You can only wait and see what is going to happen
to it.

What people would like to know is: Is it going to get any worse if I go on working in compressed air? I
don't know, but he may get one in the other shoulder and if you have two shoulders upset then, of course,
earning a livelihood is much more difficult. It is worse in the hips, of course.

* Panelists: E. End, H. Rockert, A. T. K. Cockett, J. Madsen, D. H. Elliott, A. R. Behnke, P. D. Griffiths.
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Chairman Workman: Dr. Behnke, you are at this time involved in working with tunnel workers in 
San Francisco. Would you care to add to this aspect of aseptic bone necrosis? 

Dr. Behnke: What little I know I have learned from Dr. Griffiths. We have not seen lesions in the tunnel 
workers. One difficulty is that it requires perhaps a year or longer for the lesions to be seen radiographically. 
We have followed some of Dr. Sealy's tunnel workers in the state of Washington, and in California. A much 
longer decompression time has been followed by tunnel workers than ever prescribed heretofore for these 
workers. 

We have seen one or two individuals with lesions in the shaft that are symptomless. However, the per­
centage is very, very small and we have some hope that if decompression is adequate, these lesions will not 
occur. This will not necessarily eliminate bends or decompression sickness. We have just as many cases of 
decompression sickness as have occurred in England where decompression time is one-half what it is in the 
United States, but we have good reason to believe there will not be these symptoms. 

In our experience with divers we have not been aware of any crippling lesions at all. The problem here is 
the small number, 5% out of 250—a rather small number of individuals involved. In the cases where you 
cited authors who gave a percentage as high as 50% of divers, I wonder if it is a matter of inadequate decom­
pression. 

One more thing is important in this matter. Why is it that some individuals can work maybe years and 
be entirely free from any changes whatsoever? 

It has been brought out by Dr. Cockett and others that we have to consider the liberation of fat in alco­
holics. With fatty livers fat will get out of the liver easily, and particularly in compressed air workers it is 
likely that we are dealing with two things, bubbles and fat, which predispose to the lesions. 

Dr. Buckles: Dr. Schreiner has presented the idea that when he handles the problem of fat versus lean 
tissue, he merely adds together an effective solubility coefficient based on the volume fraction of fat in that 
tissue. Dr. Röckert's presentation suggests that there is now some way to check how good an assumption that 
is. I wonder, where you compared the effective gas solubility to the fraction or to the concentration of fats, 
if you have analyzed that from the point of view of either volume fraction of fat or percent of fat by weight 
to see whether you could indeed correlate solubility with fat content. 

Dr. Bockert: I have not done that. One has to keep in mind that one cannot calculate as if blood were 
a mixture of water and oil. It is the blood corpuscles and also the small fat droplets which make the surfaces 
within the blood very complicated. So I cannot give you any figures. 

Dr. Philp: With respect to the formation of fat emboli or perhaps, more properly, fat thrombi, I think 
it might be worth pointing out that we should not be too rigid in believing that they must necessarily originate 
from a fatty tissue. There is evidence in the formation of atherosclerotic lesions and platelet thrombi, which 
Dr. End referred to, that plasma lipids themselves may become incorporated into a thrombus which may 
therefore be composed of both platelets and hpids. Lipid may not necessarily have to originate either from 
bone marrow or from liver or some other fatty tissue site. 

I think Dr. End's comment on the fact that that was indeed a platelet thrombus is also significant because 
the interrelationship of platelets and lipids in the formation of thrombi in arterial thrombotic disease is well 
estabhshed and perhaps we should utifize this information as it applies to the situation with decompression 
sickness. 

Dr. Uhl: Regarding the nature of aseptic bone necrosis, I think it has been well-documented that these 
lesions do progress from minor symptomatology to massive destruction of bone and crippUng in the absence 
of continued diving. Therefore the effect of continued diving is really an unknown in this illness. 

Second, to make the record of this meeting correct, at the aerospace meeting a year ago I reported a 
case of bone necrosis. This disease has been found in U.S. Navy divers. The etiological importance of this is 
not at all clear; but lest the proceedings of this meeting be inaccurate, I will say that U.S. Navy divers have 
been found to have this illness. 

Dr. Austin: Dr. Elliott, what was the minimum diving exposure of divers with aseptic bone necrosis? 

Dr. Elliott: We are accumulating this information. It has occurred in people whose only exposure to 
raised environmental pressure had been submarine escape on one occasion. 

Dr. Lambertsen: It has also occurred in individuals who have never dived. Dr. Cockett, what forces 
are involved in producing the extrusion of marrow into the circulation? I understand that you identified cells 
which were marrow cells in some of the occlusions of blood vessels. How do you visualize a pressure force other 
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than perhaps the formation of gas bubbles in the marrow cavity causing extrusion of material from the bone 
marrow? 

Dr. Cockett: I think it is a gaseous pressure within a marrow cavity with extrusion. There is no trauma 
here. In fact, when we first saw our bone marrow emboli in our dogs, the pathologist who was working nearby 
and who was traumatizing long bones in rabbits and was having difficulty producing bone marrow emboli 
was quite alarmed that ours came without trauma. 

Dr. Lambertsen: In that event the extrusion would be a consequence of rather massive bends, would it 
not, rather than a primary precipitating cause of symptoms? This would be an additive or secondary factor in 
bends unless the emboli are caused to enter the circulation by some primary means other than bubble for­
mation itself. 

Dr. Cockett: Yes, but let me point out what Dr. Philp has stressed and Dr. Pauley, working with our 
group, has emphasized from reviewing the literature. That is, a very small portion of the total number of 
emboli come from the marrow and the extrusion or the emboli coming from the liver might be more important. 
Finally, the coalescence concept has to be kept in mind. So I would certainly want to minimize the role of 
bone marrow embolization at this time. 

Dr. Beckman: I somehow have missed the information that has to do with the appearance of idiopathic 
osteoporosis or bone necrosis in the general population, and particularly the population which relates to the 
divers. I had an opportunity to discuss this not long ago with an orthopedic surgeon who had done experimental 
work in this field, and my general impression in talking with him was that while there have been cases in the 
U.S. Navy, certainly the numbers that occur are not significantly different from the numbers appearing in 
the normal population who are not exposed to other than normal stress. This is what Dr. Behnke was referring to. 

Would Dr. Elliott comment about the frequency of occurrence of idiopathic osteoporosis in the general 
population? 

Dr. Elliott: We just do not agree that there is no significant difference between divers and the normal 
population. You have seen the evidence. As far as the normal population is concerned, the controls that have 
been done—more than a hundred men not previously exposed to pressure, not showing those lesions—in fact 
show that the incidence, therefore, in the normal population is for practical purposes zero. 

Dr. Griffiths: We have done a lot of controls. We started X-raying the major joints of 120 compressed 
air workers who had been passed to work in compressed air, but before they had been compressed. Those were 
our major controls. During the last five years we have had five radiologists in various areas in Great Britain 
looking for lesions that we maintain are early lesions of aseptic necrosis. I think the total number of men 
examined this way is between 500 and 600 now, and not one of them has reported any lesion anything like the 
lesions we show and consider to be early lesions of aseptic necrosis following working in compressed air. 

This is something that is going to be debated later on in the meeting, I think. If aseptic necrosis lesions 
are found among the general public in the United States to this extent, I don't know the answer to this. It 
certainly is not so in England. Mind you, we do not get sickle cell anemia. I think steroid therapy is much 
less given in England than in the United States, though I am not sure about this. But I cannot imagine any 
of our young compressed air workers ever having had steroid therapy. I think these two things eliminate a 
large proportion of the commoner causes of aseptic necrosis. 

We are convinced that the lesions we show are due to working in compressed air. I want to say due to 
compression or to decompression, but we really don't know. But I think they are all due to working in com­
pressed air. 

Dr. Beckman: I did not in any way intend to imply that there is no correlation between what you see 
in compressed air workers and the number of lesions that you see. This is not the point in question. I am asking 
what the percentage occurrence of this phenomenon is in the normal population, but not in a hundred cases. 
The reason that I ask is that one of my friends who did work in this field for about five years gave up because 
he could not understand it. He said that in his experience the spontaneous occurrence was not uncommon. He 
is in practice now in orthopedic surgery and has three cases now that he is treating that had no known etiology. 

What I am really pointing out is that it is not uncommon in the general population, and particularly in 
the male population. 

Dr. Griffiths: The question of differential diagnosis of bone islands, for instance, is a very difficult one. 
We think we have overcome this, but I know that in many cases bone islands have been diagnosed as aseptic 
necrosis and men have had compensation for bone islands. But I would say that in the general population in 
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Great Britain, men or women, with aseptic necrosis of bone, we always know the reason why they have it. 
For the type of people who work in compressed air, examined before they work in compressed air or have not 
worked in compressed air in England, I would say that the incidence is nil; we just cannot find anybody in the 
general population who has lesions that we think are early aseptic necrosis of bone. 

Dr. Hoke: Dr. Cockett, I would like to know the reason for doing the splenectomies on the dogs before 
you put them into your series. What is the role of the spleen in decompression sickness or in your results? 

Dr. Cockett: We started doing splenectomies in our blood volume studies, where in the dog you must get 
rid of this large blood trapping organ. Once we started it we had no good reason for not doing it. I suppose 
we could leave the spleen in now. I do not know exactly what the role of the spleen might or might not be. 

Chairman Workman: I suspect that perhaps in the manipulation of surgical procedures the possibility 
of fat emboli being Uberated cannot be ruled out. Have there been control studies of animals following splen­
ectomy to determine whether fat emboli were in fact present before ever being exposed to pressure? 

Dr. Cockett: These procedures are done 3-4 weeks before the chamber exposure, and we always allow 
that time in order to have the animal back to what we consider the normal condition. They are not done the 
same day or immediately thereafter. 

Dr. Behnke: I think a new parameter has been added to our therapeutic armamentarium here. Some of 
us have used recompression but have overlooked what Dr. End called to our attention, namely agglutination 
and the condition of the blood. From Sweden we learn the dangers of diet, and from Dr. Cockett's work the 
use of dextran and of heparin. We must really pay attention to the blood. 

Specifically, in much animal work there are fat emboli seen along with gas emboli. In the preservation of 
kidneys that are removed surgically for transplantation, blood may be oxygenated by bubbling O2 through it. 
This process will Uberate considerable quantities of fat from lipoproteins, particularly the low density lipo­
proteins, in which the lipid is rather loosely linked with the protein. So it may well be that even the presence 
of bubbles will cause a separation of lipid from lipoprotein. Certainly the concentration of the blood and replace­
ment of blood is very real contribution to this symposium. 

Chairman Workman: Certainly any therapeutic adjuncts to pressure and O2 that may be beneficial to 
improve the status of the patient who still remains paralyzed should be considered. We certainly have a great 
deal of experience yet to be gained with these. Work with the animals has helped to give us hope for the use­
fulness of restoring circulating blood volume, the prevention of shock, and also the prevention of agglomeration 
of cells. If there is any possibility that pressure and O2 therapy do more to restore bladder and bowel functions 
when sphincters have been lost, these things are tremendously to be wished for. 

Dr. Hoke: Dr. Cockett, did you look for fat emboli in your control animals that were not compressed 
and decompressed? Shim recently compressed and decompressed some rabbits, decompressed others to altitude 
and his controls were neither compressed nor decompressed. And when he sacrificed his controls, he found fat 
emboli in the controls—not to the same extent as in his experimental animals, but he did find fat emboli in 
all three groups. In the animals that had symptomatic decompression sickness, bubbles were seen, but not in 
the controls. 

Dr. Cockett: Yes, we did examine the controls and we found fat emboli with difficulty. But you will 
note that I said 24-hr fasting animals. This is a big difference. Also, I think in my presentation I mentioned 
that we found bubble and lipid emboli. The tendency is to overplay the gaseous aspects. 

Dr. Flynn: Dr. Röckert, did you look at the time course of evolution of gas from the blood following 
decompression? How long did it take for this gas to separate quantitatively from blood postdecompression? 

Dr. Röckert: Within the first 5 min about 99% of the gas was collected at the top of the pipet. 

Dr. Flynn: Did this seem to follow any particular mathematical function, such as an exponential function? 

Dr. Röckert: I think so, but I must admit I have not calculated that mathematically. 

Dr. Winter: Dr. Cockett, you reported very marked changes in plasma volume in an LDioo preparation. 
Have you done such measurements on decompression profiles which gave you a safer return at the surface? 

Dr. Cockett: No, but let me answer the question in a wider sense. We have examined humans with 
decompression sickness, and the same concept holds true. You can find a plasma deficit in abalone divers who 
have severe type of bends, and certainly in those with fullblown decompression sickness this very same plasma 
deficit can be found. Amazingly, dextran infusion, while the patient is on the way to the recompression chamber, 
is extremely helpful. 
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Dr. Winter: But you have no information about plasma changes in the absence of marked decompression 
sickness? I wonder whether there is any data on plasma volume during decompression when the decompression 
is successful rather than when gross bends occurs. 

Dr. Cockett: I don't have such information. We did not use recompression, as you know, and did not 
study this aspect of changes during the protocol. 

Dr. Bühlmann: We have determined the blood volume before and after a sufficient decompression and 
found nothing, but with three cases with bends we had loss of plasma and had to treat them with plasma. In 
one case we had the clinical picture of fat embolization in the lungs; in the two other cases nothing abnormal 
was indicated in the lungs. But we are not sure whether fat embolized to the lungs or not. 



VISION AND VISIBILITY 

Jo Ann S. Kinney and S. M, Luria 

One does not need to be a competent diver to realize that the underwater world appears 
quite different from what it really is. Nor does one need a long diving history to have experi­
enced the panic of suddenly discovering that one cannot see underwater when one needs to. 
The modified appearance to air dwellers of the underwater world has, of course, a physical 
basis—the fact that light energy is travehng through water rather than through air. In this 
paper we shall consider some of the changes in vision that occur underwater and how they 
affect divers. 

First, water absorbs electromagnetic energy, vastly more than air does. The amount of 
absorption depends upon the distance that light travels through the water, and is approxi­
mately proportional to the square of the distance. Furthermore, water selectively absorbs 
different wavelengths of light (according to the same power function), and this selective ab­
sorption varies with the body of water—varies, that is, according to whether the water is 
clear or contains such absorptive material as plankton, silt, and pollutants. Thus the visibility 
of colors underwater varies dramatically according to the particular body of water involved. 

Figure 1 shows characteristic light-transmission curves for several bodies of water in which 
we have worked (4). 

The transmittance curve of water from Morrison Springs, Florida, a freshwater body fa­
mous for its clarity, is essentially the same as that of distilled water, and has a maximum trans­
mittance of over 90% at 480 ταμ, i.e., of blue-green light. The only difference between the 
samples from Morrison Springs and the Gulf of Mexico is a lower transmittance of the Gulf 
water in the violet and blue portions of the spectrum, presumably because of plankton (trans­
mittance curves for Caribbean waters are similar). 

The Long Island Sound water, which is typical of coastal water, shows more consistently 
reduced transmittance throughout the spectrum than Morrison Springs and Gulf waters do, 
with the greatest loss being in the blue and blue-green light. Finally, the Thames River in New 
London, Conn.,.a fine example of highly turbid, polluted river and harbor water, transmits 
very little light at all. The shape of its curve is the reverse of the other curves, showing the 
greatest transmittance in the long wavelengths. These curves represent an absorption distance 
of only 1 m of water, the transmittance differences between waters increasing exponentially 
as the distance that light travels through them increases. 

271 
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FIG. 1. Spectral transmittance through 1 m of water from various sources. (From Kinney et al. (4), with 
permission of the publisher.) 

We have made several investigations into the effect of these differences on the visibility of 
colors. Figure 2 summarizes our findings under conditions of natural illumination. Relative 
visibility is plotted as a function of the dominant wavelength of the colors tested. Fluorescent 
paints prove to be consistently superior to the nonfluorescent ones of the same color; the colors 
most visible in clear water are not so in murky water; white is highly visible everywhere; gray 
and black are rarely visible. Additional data for artificial hght sources underwater and data 
on color confusions (from which one can determine the best colors to use for color coding) 
have been previously reported (4, 6). 

A second physical modification of hght energy underwater occurs when particles in the water 
scatter light energy, causing a blurring of the natural contrast of objects against their back­
grounds (2). If the contrast is reduced sufficiently, the object wiU become invisible, no matter 
what its size. In certain cases only a perfectly diffuse, homogeneous field—a sea of light— 
can be seen. The same effects in air are well known (1); they can cause "space myopia,^' visual 
illusions, loss of orientation, and other disturbances. Deaths of airplane pilots and arctic ex­
plorers have been attributed to the phenomena called "empty-field myopia*' and "whiteout," 
which are quite similar to the visual impairment characteristic of the underwater world. 

We have studied changes in the appearance of colors and in man's ability to judge the rela­
tive distances of objects as they are affected by this homogeneous visual stimulation. Objects 



VISION AND VISIBILITY 273 

W h i t e 

G r a y 
B l a c k 

B lue G r e e n Yellow O r a n g e R e d 

N a t u r a l i l l umina t ion 
T h a m e s R i v e r , C o n n . 

Blue Green Yellow O r a n g e R e d 

N a t u r a l i l luminat ion 
M o r r i s o n S p r i n g s , F l a . 

FIG. 2. Examples of relative visibility of naturally illuminated colors at a distance of 1.8 m in the Thames 
River, and at a distance of 26 m in Morrison Springs. ( ) Fluorescent paint; ( ) regular paint. (From 
Kinney et al. (4), with permission of the publisher.) 

of neutral color appear reddish (3) and relative depth judgments based on color are severely 
hampered (8). 

We wish now to discuss the imphcations of another major change in physical energy occur­
ring underwater—the refraction or bending of hght rays as they pass from one medium to 
another. This physical phenomenon has many important visual consequences. 

Normally, most of the refraction of hght that focuses the image on the retina occurs at the 
corneal-air interface. When the unprotected eye opens underwater, this interface is lost, and 
with it most of the refractive power of the eye. The interior of the eye has almost the same 
refractive index that the water does, and therefore no refraction or bending occurs. The optical 
image of an underwater object, therefore, is dreadfully out of focus; the diver becomes far-
sighted with a 50-diopter hyperopia. 

We recently conducted an investigation of the underwater visual acuity of individuals not 
using a face mask to determine just how bad the situation is. Visual acuity proved to be ex­
ceedingly poor under all conditions. Under the most ideal circumstances, acuity was reduced 
to the level of night vision—that is, to be seen the underwater target had to be at least 10 times 
as large as a similar target viewed in air. 

Fortunately, individuals do not usually find themselves under water without face masks. 
With the exception of a downed pilot or an escaping submariner (for example), men under 
water normally wear a face mask, which restores the corneal-air interface and allows more 
normal vision. The use of the mask, however, brings with it a second interface, between the 
water and the air in the diverts mask. This interface in turn refracts hght rays and has im­
portant visual consequences. 

The effect of the water-air refraction at the face mask is diagrammed in Fig. 3. The hght 
rays from the underwater object are refracted or bent away from their normal axis at the 
water-air interface. This creates a virtual image at three-fourths of the actual distance between 
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FIG. 3. Optical images produced by a real object (solid lines) and its virtual image underwater (dotted lines) 
due to refraction at the water-air interface. 

the interface and the object. The retinal image created from this virtual image is thus larger 
by about 30% than the actual image from the same object if it were in air. 

We have studied perception of both size and distance under water. For inexperienced sub­
jects, sizes were perceived exactly as one would predict from the magnification of the optical 
image. We are currently measuring the size perception of experienced divers to determine 
whether they have adjusted to this distortion. 

2 4 6 8 

Actual distance ( f t ) 

FIG. 4. Effect of water clarity on the perception of distance. Median values of subjects tested. ( ) 
Turbid water; (—) clear water. 
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On the other hand, the subjects' perception of distance underwater was not what we would 
have predicted from the optical image or from what is taught in standard diving manuals. 
Some of our distance-perception data are shown in Fig. 4. Distance estimates are plotted as a 
function of actual distance for two conditions of water clarity (7, 9). 

Most distances were overestimated, and the overestimation increased with greater tur­
bidity. As the object distance decreased, there was a crossover point, after which underes­
timation occurred at very short distances. The data in Fig. 4 for subjects viewing through 
clear water at distances of 2 or 3 ft can be predicted from the size of the magnified optical 
image. 

An additional problem confronts the diver who attempts to perform tasks underwater. Be­
cause of the distortions of size and distance, objects cannot be located in space where they 
appear to be. The diver, particularly the novice, is constantly plagued with reaching out for an 
object only to miss it; often many trials must be made before successful contact is made. Some 
experienced divers do successfully perform many tasks underwater; one must therefore assume 
that some adaptive visual process occurs. In fact, responses to distorted images in air have 
been extensively investigated. A major conclusion is that human beings are remarkably adap­
tive, eventually responding appropriately even to the most distorted images. 

In our first study of adaptation to the underwater environment (5), we tested the hand-
eye coordination of subjects with various degrees of underwater experience. Data from this 
experiment are shown in Fig. 5. We expected that if a subject were not visually adapted, he 
would respond to the test objects as if they were closer to him than they actually were. This 
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FIG. 5. Adaptation to changes in the apparent location of underwater objects as a function of time spent in 
visual-motor underwater activities. Subjects: ( + ) No experience; (O) novice divers; ( X ) experienced divers. 
(From Kinney et al. (5), with permission of the publisher.) 
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is, in fact, what happened initially in the tests involving subjects with little or no underwater
experience. However, after 15 min of underwater activity (playing games, working crossword
puzzles, building a tower of rocks), they made fewer errors. For those subjects having some
underwater experience, another 15 min of underwater activity was sufficient to eliminate
errors in hand-eye coordination; but the totally inexperienced subjects did not completely
adapt during this 30-min period. The performance of the latter group as a whole was relatively
poor, undoubtedly because they were preoccupied with the process of breathing. Breathing
must become routine before an individual can even pay much heed to the visual world under­
water, much less learn from it.

The results obtained from the experienced divers were completely different. They never
underestimated, even when they first entered the water, and they showed excellent hand-eye
coordination to distorted images throughout the test periods.

We recently attempted to plot the course of visual adaptation by following the progress of
students attending scuba school for a 4-week period. Surprisingly, the men showed very little
adaptation. Even after 4 weeks of intensive daily underwater training, their underwater
vision was no better than that of our group of inexperienced subjects after 15-30 min of special­
ly designed visual-motor activities. It appears that there is tremendous room for improvement
in the training of beginner divers in visual-motor coordination, and we are currently working
on means of raising underwater visual adaptation to its maximum level.

In summary, the image of an underwater object is altered in size and distance, its color is
changed, its brightness is dimmed, and its outline is fuzzy and indistinct. The object is not
where it appears to be; often it is invisible. We are studying all of these problems with the
aim of improving all aspects of divers' underwater vision that lend themselves to improvement.
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HEARING LOSS IN DECOMPRESSION 

/. Donald Harris 

The structures of the ear are so dehcately formed and balanced that man is sensitive to 
acoustic stimuli over the very broad range of 10 octaves in frequency and to pressures near 
0.0002 dynes/cm2, at which value particle movements of the air are as minute as 10-^^ cm. 
Yet over and above this extreme sensitivity, the ear can support acoustic pressures a billion 
times greater, or 140 db. But even this does not exhaust the elasticity of the ear, for the middle 
ear can undergo static displacements, as in the Valsalva maneuver, at least an order of magni­
tude greater than is found in response to intense sound. 

It is only because of these large safety factors and pressure release mechanisms that we are 
able to withstand the innumerable severe insults to our auditory mechanism which are the 
everyday lot of the diver. The fact is that a corps of men can be formed by sharp selection and 
training which can continue to perform well for years while undergoing the constant auditory 
rigors and dangers of a diving career. Shilling and Everley (69) show that the mean audiogram 
of divers who have had no special exposure to intense noise was not appreciably worse than 
controls. Coles (14) examined 57 very experienced divers and found their hearing perfectly 
normal except for those who had experienced ^̂ mucĥ ^ gunfire or small arms noise. Evidently, 
in a cadre of men who do not experience barotrauma and who are protected by proper pro­
cedures from bubble formation, hearing may remain perfectly normal. There is thus no sug­
gestion that repeated compression-decompression cycles per se have any effect on auditory 
acuity. 

There are, however, many individuals for whom pressure equafization across the drum is 
not semiautomatic, or even possible, and there are occasions when even experienced divers 
find it difficult, for one reason or another, to *'cleartheir ears, or to do so with sufficient 
rapidity. Furthermore, there are those who have, during a dive, experienced sudden hearing 
losses of which the etiology is still obscure, though it is thought to be associated in some way 
with their diving experience. We shall deal with these two types of cases in this paper. 

Aerotitis Media 

Armstrong and Heim (2) thoroughly explored the condition they termed aerotitis media, 
caused by a lack of pressure equalization of the middle ear. The drastic changes which can 
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sometimes occur in the eardrum and hning of the tympanic cavity, with blood coming from 
the Eustachian tube, can easily be seen. The classification of increasing damage by Teed (75) 
into categories 1-5 is well known. 

From this laboratory Shilhng and Everley reported a series of 2751 submariners, only 9 
of which finally failed to pass the 50-lb pressure test (69). In this series, 90% of men taking 
the test for the first time required no change in pressurization rate to completion, while 91.5% 
of those who had passed the test at least once required no change. 

The condition is worse with air than with He -02 mixtures because of the increased speed 
with which He -02 can pass through the Eustachian tube. Thus in acute conditions it has been 
found that caisson workers could obtain relief, reenter a pressure chamber, and suffer less in­
fection and suppuration if the pressure change was performed in He -02 (16, 30,47, 62). 

. Haines and Harris (29) performed otoscopy, nasopharyngoscopy, and pre- and postpressure 
audiometry on 6149 men. Almost no effect on hearing was found unless the middle ear con­
tained serosanguineous fluid. Alfandre (1) in another series of 432 men from this laboratory 
generally confirms these conclusions. 

Occasionally, even an experienced diver will experience an ear "squeeze,'' a more or less 
severe case of aerotitis media, such as when there is a temporary catarrhal obstruction of the 
Eustachian tube or if the rate of descent is too fast, as in a free fall. Most eardrums will then 
rupture, at about one-half atmosphere difference across the drum. But when such damage has 
occurred and healed, and the eardrum is scarred, it is never quite as strong again, and may 
rupture at much less than half an atmosphere. Coles (14) mentions one case of a very thin 
scar which ruptured at a pressure differential the equivalent of 6 ft. Such a person would be 
quickly screened out of a diving cadre. 

Etiology of Sudden Deafness of Obscure Origin 

An early case of obscure origin was mentioned in 1922 by Kobrak (43), and since then hun­
dreds of cases have been fully described (4, 5, 7-13, 15, 17-23, 25, 26, 28, 31, 32, 34-37, 40, 
42,44-46, 48-51, 53, 55-58, 61, 63, 64, 67, 68, 71-74, 77, 78, 80, 82-84). 

The observations of Bosatra and DeStefani (10) may be taken to be typical of these surveys: 
1 patient experienced bilateral loss after emotion strong enough to redden the face; 7 patients 
after cooling, usually driving with an open window; 5 patients probably in connection with 
Asian flu; 34 patients with no clue whatever. The loss was bilateral in 5 of 47 patients. 

Five types of possible etiology have been suggested by most authors for unexplained sud­
den deafness. 

1, Acute neuritis of the 8th nerve. Some patients show an audiological picture of acoustic 
neurinoma rather than hair cell involvement, usually with vestibular disorders, and in these 
an allergic or serous neuritis might have occurred. In one chnical case from Bosatra and 
DeStefani (10), histology showed an extreme edema interrupting 8th nerve fibers at the 
base of the modiolus. The edema and disruption may also occur more distally, within the 
cochlea itself. 

2, Virus infections. Van Dishoeck and Bierman (79) proved by immunological research 
the strong connection between sudden deafness and virosis. Schuknecht et al, (65) noted that 
about 25% of patients with sudden deafness complain of a "cold." In four patients diagnosed 
as viral labyrinthitis, histology showed in fact that the picture was not that seen in experi-
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mental vascular occlusion in the animal, and they concluded that a mumps-like virus may be 
important in sudden deafness. Beal et al, (6) confirmed this, and stated that the port of entry 
of the virus particles into the cochlea was via the stria vascularis during viremia. Jaffe (34) 
reported 40 of 143 patients had viral symptoms; Van Dishoeck (78) reported this in 50 of 153 
patients, about one-third overall. Jaffe pointed out that virus particles could influence intra-
cochlear blood flow by: (a) causing a hypercoagulable state, (6) causing edema of the en­
dothelial cells of the capillaries, narrowing the lumen, and (c) attaching to the erythrocytes 
and causing hemagglutination in vivo, and sludging the blood as seen in the fingernail bed 
and in the retina. His cases included five pregnant or postpartum patients and eight patients 
postsurgery. In both of these situations there is a rise in platelet number and adhesiveness, 
either of which, and especially both, may lead to mierothrombi in the inner ear. Thus, it is 
Hkely that the pathogenesis of viral infections leading to sudden deafness is in fact a vascular 
obstruction to the intracochlear structures. In this connection one recalls that the capillaries 
feeding the organ of Corti are actually on the basilar membrane in intimate association, rather 
than further off in the stria vascularis as formerly thought. 

3. Vascular accident. Many writers have suggested thrombosis, embolism, hemorrhage, or 
vasospasm due to generalized or locaUzed cardiovascular disease—labyrinthine ischemia. 
These concepts are clarified by a review of the cochlear circulation (59). For example, a throm­
bosis of the labyrinthine artery or of the internal acoustic artery immediately distal to its 
origin can result in complete loss of function in both cochlea and vestibule. A thrombosis of 
the common cochlear artery will suppress the cochlea, while the vestibular artery will feed 
the posterior labyrinth, and a thrombosis of the cochlear artery proper will suppress the low 
tones but not the high, since the basal spiral also receives from the cochleovestibular artery 
[see several cases in Maurer (52)]. 

The histological picture is one of the hair cells of the cochlea being most susceptible, fol­
lowed by the nerves and finally by the vestibule. Thus, more or less transient spasms of the 
labyrinthine vessels affect the hair cells first, as determined by, for example, the presence of 
recruitment. Jerger et al, (36) studied a series of 12 patients who knew almost the minute their 
loss occurred, and whose hearing did not subsequently change. Four gave flat audiometric 
losses at 50 db with an audiological test pattern typical of peripheral organ disorder, while 
eight gave sloping losses of 60-90 dB with test pattern typical of 8th nerve lesion. Tetu (76) 
offers a series of 33 patients, 14 with confirmed vascular accident and retinal vascular dis­
turbances, and 19 in which it was concluded that hemorrhage, paralysis of the vessels, or ob­
struction by vascular spasm must have caused the hypacusis. They felt their vascular hypothe­
sis was correct since treatment for that condition improved most of the cases. These patients 
must have been highly selected. 

It is not difliicult to picture severe and sudden vasomotor lesions in the branches of the in­
ternal acoustic artery. The vascular bed of the guinea pig has been examined, for example, by 
Wellie (81), Irwin et al, (33), and Perlman and Kimura (59). Vascular spasms, stasis, and 
blood sludge may follow such stressors as CO2 breathing, cooHng, intake of histamine, etc., 
bringing about alterations in the endolymph and perilymph with probable deleterious effects 
on the neuroreceptors. 

4, Vasomotor neurosis, Bosatra and DeStefani (10) advance the interesting hypothesis 
that a ^Vasomotor neurosis^' may underlie much unexplained sudden deafness, just as it may 
underlie chronic glaucoma and Meniere's disease, by way of a primary alteration of the capil-
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lary and precapillary circulation. Such alteration would lead directly to deterioration of struc­
tures maintained metabolically, such as hair cells, dendrites, etc. Arnold and Ohsaki (3) 
point out that blood vessel sludging can stem from disorders in neurovascular regulation. 
Jakobi and Skurczynski (35) feel indeed that many cases of sudden deafness should be looked 
on as acute extreme hydrops labyrinthi, neurovegetative in nature. They immediately trephine 
the footplate, reporting nine complete cures in 41 patients, 10 more improved, and 5 able 
to hear loud speech. This is over 50%, better than often is reported by other treatments. 
Borasi and Sperati (8) had three skindivers with unilateral hypacusia, from diving under 
apnea at 5-10 m. The precipitating causes were pressure imbalance, cold temperatures, 
hypercapnea, and hypoxemia; but the authors felt the etiopathogenesis was a neurovascular 
angioneurotic mechanism, which yielded within a month in all three cases to antiedematous 
drugs and vasodilators. Kleinfeldt (42), in the largest sample yet published (N:64q), concluded 
that the pathogenesis of the condition is based on an abnormality of the nervous regulation 
of the smallest blood vessels in the internal ear. It is important here to recall that the cochlear 
and cochleovestibular branches of the internal acoustic artery are ''end branches'^ and there is 
no collateral circulation. 

5. Acoustic trauma. Reports persist that some episodes of sudden deafness occur in or shortly 
after exposure to loud noises, but of an intensity not usually thought to be noxious. Kawata 
and Suga (38) followed 20 patients over 7 years, almost all with flat or U-shaped audios, about 
half with recruitment, but only two with vestibular symptoms. Falt:^nek and Vesel;^ (22) 
presented five cases. Kecht (39) had four patients presenting bilateral and partly severe asym­
metric inner ear losses, and one total unilateral, to noises of pneumatic drills, circular saws and 
steam engines. This is now termed "akustische Unfalles. 

Additionally, Arnold and Ohsaki (3) report a patient with diagnosis of collagen disease, 
successfully treated with a 2-week regime of prednisone. Mori (54) reports a case from violent 
physical effort, with spontaneous recovery in 6 weeks, apparently a transient ischemia. Klein­
feldt (42) noted that in 16% of his large sample there were alterations of the cervical spinal 
column. This reminds one of Fields and WeibeFs demonstration (24) of effects on vestibular 
function of ischemia due to compression of the vertebral arteries by hyperextension of the 
neck and extreme rotation of the head. 

In summary, one can say that in many cases the precipitating causes mentioned, such as 
viremia, exposure to low temperature, loud noises, emotion, sudden physical work, etc., must 
be overlaid on a previous state of sensitization and abnormal reactivity of the local or general 
vegetative nervous system. 

Decompression Sickness and Hearing Loss 

Even after discounting some cases of sudden deafness in a cadre of divers as arising from 
such causes as discussed heretofore, there remain a number of cases of sudden hearing loss in 
such a population which seem inescapably to be more directly connected to decompression. 
Ten cases of hearing loss are described in the Appendix: R. C. from our own laboratory, and 
nine from the Experimental Diving Unit (EDU), courtesy of Dr. Summittand the EDU staff. 

In the case of R. C , an open-water diver, two episodes a year apart gave a picture of intra-
cochlear hemorrhage, probably of the internal acoustic artery, producing in the first episode 
a severe and in the second episode a mild flat loss, but recovering to normal, except for a per-
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manent 15-dB dip at 1 kc /sec. The nine cases from EDU all occurred during decompression 
from dives of 300 ft or more on He-02. The fact that two of these men, H. J. and C. K., re­
covered their hearing during recompression almost as suddenly as they had lost it would seem 
to indicate that bubble formation was the sole cause of their defect, with resulting hypoxia 
in the hair cells. In a similar case, R. J. suffered a sudden profound loss of hearing, which re­
sponded only partly to recompression. Most bubble formation had led to anoxia of sufficient 
duration to damage the receptor cells permanently. 

Of those with residual permanent defects, S.'s audiogram is U-shaped down a maximum 
of 45 db at 1-2 kc /sec and R. J.'s is U-shaped down a maximum of 30 dB at 500 kc /sec, while 
generally flat audiograms are found in R. W., down 40dB;W.D.,down70dB;T.,down50dB; 
and B., down 70-80 dB. Evidently, if bubble formation is the etiopathology, it is rather general 
throughout the cochlea. 

Of those whose hearing returned substantially during subsequent days or weeks, R. C. 
recovered after 3 weeks, S. recovered 25 dB after a few weeks, and M. after 4 weeks. From the 
time course and the extent of recovery, one may conclude that these men are likely to have 
suffered hemorrhage rather than bubble formation. On the other hand, those men who did not 
respond to recompression and whose losses did not improve back to normal (R. W., W. D., 
R. J., T., and B.) are hkely to have suffered bubble formation. 

In summary, one can say that among those who are exposed repeatedly to compression-
decompression cycles, such as aviators, the breath-holding Ama shehfish divers of Japan, 
military and industrial divers, and caisson workers, etc., a relatively high incidence of otologic-
al symptoms including hearing loss is often reported. Most of this can readily be attributed 
to the residual effects of repeated aerotitis media. There exist, however, cases of hearing loss, 
usually sudden, directly connected to decompression. A review of the topic of sudden deafness 
reveals that every large hospital where such records have been published sees about one to 
two patients every month whose sudden deafness is not easily explained. Possible causes have 
been suggested: acute neuritis of the 8th nerve, virus infection, vascular accident, vasomotor 
neurosis, acoustic trauma at levels of noise not usually noxious, collagen disease, transient 
ischemia from violent exercise or strong emotion, or from alterations of the cervical spinal 
column. 

None of these causes, however, would seem to underlie sudden hearing loss of a moderate 
or often profound level during decompression, and which responds favorably to immediate 
recompression. Five patients are presented with hearing loss under decompression, two of 
whom recovered their hearing loss completely during recompression, and three with only 
slight recovery. It seems likely that these patients had sustained bubble formation in one or 
more branches of the internal acoustic artery. In the others, not responding to recompression, 
treated with decongestants or vasodilators, the possibility also exists of microhemorrhage in 
the cochlea. 

In cases of sudden hearing loss during decompression, recompression is always performed, 
though if the etiopathology is a vascular accident such as a spasm or hemorrhage, it would 
not be expected to help. Several authors (4, 28, 34) advocate immediate hospitahzation for 
every case of sudden deafness, with virological, vascular, humoral, and audiological examina­
tion. All authors agree that treatment is hopeless if deferred. In a large series Sheehy had 62% 
recover if treated within 4 days, only one if treatment was deferred beyond 6 weeks (67). Segal 
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Appendix 

Audiological Notes on Sudden Deafness among Divers—Ten Cases 

1. R. C. 
Episode (1). Audiogram normal in 1963. Tank instructor. On Jan 18,1964, while not actually 

in the water, suffered severe loss of hearing in right ear, with some shght nausea. Two days 
later, audiometry showed a rather flat loss at 70-80 dB. A dozen audiological tests (speech, 
recruitment, temporal integration, differential intensity and frequency discrimination, tone 
decay, Bekesy audiometry) indicated intracochlear peripheral organ involvement. Within 
3 weeks hearing was normal except for a residual 15-dB loss at 1 kc /sec. 

Episode (2). Had been in water 45 min on Oct 14, 1965, up and down to 118 ft. Sudden dis­
orientation of 90°, but no nausea. Within a few minutes he seemed normal and made another 
118-ft dive. Six days later he appeared for an audiogram, showing a U-shaped curve down 
to 30 dB, within 6 more days back to previous acuity. No further episodes, though he sub­
sequently broke the world free-dive record, but the 15-dB dip at 1 kc /sec remains today. 

Impression: two episodes of hemorrhage throughout the labyrinth, cause unknown. 
2. S. 

In early 1968, on a dive to 350 ft for 30 min on He-02, patient had fluid in middle ear and 
hearing loss. Placed on decongestants; 2-3 days later audiometry showed U-shape at 70 db 
through 3 kc /sec, up to 40 dB at 8 kc /sec. Four days later recovered to 60 db at 1-4 kc /sec, 
and 1 year later still U-shaped, down 45 dB at 1-2 kc /sec. 
3. R. W. 

450-ft dive on 28-31 Jan 1969. Pain in knees during decompression; 2 hr after compression, 
decompression, and surfacing, noted mild hearing loss in right ear with tinnitus. Vasodilators 

* German proprietary name. 

(66), Piesel (60), and Lumio and Aho (48) confirm this. Cocks (12), Maurer (52), and Kessler 
(41) have had good success with stellate ganglion block if given very early. Kessler performed 
610 stellate ganglion blocks on 94 patients over 7 years, for Meniere's disease and for sudden loss 
of hearing, although with three fatal accidents; he cautions against inexperienced use. Gaillard 
(27) notes that in the case of a hemorrhage, an anticoagulant may obviously do more harm 
than good. Coyas (15) gives a regime of testing for clotting time to govern dosage of heparin 
and acenocoumarol. In cases of supposed ischemia of the labryinth, Boriani (9), Faltiner 
(21) and Faltynek and Vesely (22) report very good success with ATP. The latter present 13 
patients with supposed ischemia of the organ of Corti, and 5 with acute acoustic trauma, but 
from generally nonnoxious levels; only 1 patient did not show entire (14 patients) or at least 
substantial (3 patients) improvement. Jaffe (34) gives a summary of a suggested regimen 
with the most recent drugs. Stange (70) cautions that treatment over weeks is not only justi­
fied but necessary, as with some patients he found improvements through the 70th day. He 
gave, on alternate days, (1) Complamin*, Ozothin*, Neurobion*, and Rovigon*, and (2) in­
fusions of 7% NaHCOs and stellate ganglion block. 
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and recompression were given. Irregularly flat audiogram loss, 50 db at 1 kc/sec of which 5-10 
db only recovered later. 
4. W. D. 

Same dive as R. W. At 56 ft, patient noted hearing loss in right ear. Some fluid in middle ear; 
decongestants were given. At 36 ft, tinnitus occurred, and lowered hearing. Recompression 
was given, but flat loss of 70 db continued, with little subsequent recovery. 
5. R. J. 

Sudden profound loss of hearing at UO-ft decompression stop. Partly recovered during re­
compression at 165 ft after 5 min of breathing 36% O2. Diagnosis by Capt. Taylor, ENT 
Chnic, Bethesda Naval Hospital, as ^^bends involving left internal acoustic artery.'' Residual 
U-shaped audiometric defect, maximum of 30 db at 500 cps. 
6. H. J. 

At 40 ft during decompression, noted sudden but moderate loss in right ear. Recompression 
to 60 ft, and later slow decompression, patient felt hearing improve back to normal. 
7. C. K. 

After 11 min at 95-ft stop during decompression, patient noted sudden loss in right ear, con­
firmed by low and high frequency tuning forks. Recompression to 165 ft brought acuity to 
normal after 15 min. 
8. Τ. 

Late 1966, in air compression chamber, he reached down to pick up something, and felt 
something happen to his left ear. One hour later, audiogram showed flat 50-db loss bilaterally. 
Only slight improvement after 4 months, and loss persists to this date. 
9. B. 

Much hke R. J.; episode at first of low-tone loss during decompression, treated by recompres­
sion but with deficit of 70-80 db remaining. 
10. M. 

Episode (1). Jan. 1968 had vertigo only during 350-ft dive. 
Episode (2). June 1968 at 30-40 ft on He-02, suffered unilateral profound acuity loss. On 

vasodilators, back to normal over 27 days, but tinnitus remains. 
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VESTIBULAR DERANGEMENT IN DECOMPRESSION 

Carl J. Rubenstein and James K. Summitt 

Loss of auditory or vestibular function during or after decompression is an old and continuing 
concern in the diving community. Present-day interest in the problem stems from an apparent 
increase in incidence of such derangement, which seems to parallel the burgeoning number of 
deep dives made in recent years. 

The U.S. Navy Experimental Diving Unit has reports on about 1050 mihtary and civihan 
diving accidents of all types from 1960 to the end of the first quarter of 1969. We collected 
the reports of vertigo and/or hearing loss, and eliminated the cases of those subjects who: 
(1) had difficulty clearing their ears during compression; (2) had inner ear symptoms while 
at maximum depth; (3) underwent uncontrolled or rapid emergency ascents, with the possible 
consequence of traumatic air embolus; (4) bad extensive decompression sickness involving the 
CNS in which vertigo was quite secondary; or (5) whose histories obviously contained inade­
quate information. 

After this elimination there remained 16 cases—seven with vertigo alone, three with vertigo 
and hearing loss, and six with hearing loss alone. As indicated in Table I, there has been a 
sharp increase in the occurrence of such cases over the period from 1960 to the first quarter 
of 1969. The incidence rate of this problem is not available since there is no tally of the total 
number of dives performed at the various depths. 

T A B L E I 

CASES OF VERTIGO AND/OR HEARING LOSS IN DIVING 

1960-1962 0 
1963 1 
1964 0 
1965 2 
1966 2 
1967 2 
1968 7 
1969 (First quarter) 2 
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T A B L E I I 

Case no. 1 2 3 4 5 6 7 8 9 10 

Type of Wet Wet Open Open Open Wet Open Wet Wet Wet 
dive chamber chamber sea sea sea chamber sea chamber chamber chamber 

Depth 250 450 149 45 149 300 70 400 160 350 
(ft) 

Bottom 120 60 30 2-3 30 15 114 60 35 90 
time 
(min) 
Work Moderate Moderate Moderate Light Moderate None ModerateModerate Heavy Moderate 
level 

Breathing He-02 He-02 Air Air Air He-02 Air He-02 He-02 He-02 
mixture air air air air 

Table II describes the 10 dives in which vertigo occurred. Since the large majority of U.S. 
Navy dives have been to depths of less than 100 FSW, the four cases of vertigo occurring in 
dives to 300 FSW or greater constitute a relatively high incidence rate. In case 4, incidentally, 
the loss occurred after 30 successive breath-hold dives to 45 FSW. Paulev (8) has reported 
on the possibiUty that bends will occur after repeated breath-hold dives, and we felt that this 
mechanism might have been involved in this case. 

The accompanying symptoms in our 10 cases are listed in Table III. The findings are those 

T A B L E I I I 

SYMPTOMS ACCOMPANYING T E N CASES IN WHICH VERTIGO OCCURRED 

Case no. Symptoms Case no. Symptoms 

1 Nausea 6 Fatigue 
Vomiting Nystagmus 
Visual disturbances Nausea 

Visual disturbances 
2 General weakness 7 Nausea 

Nystagmus Vomiting 
Tinnitus Nystagmus 
Nausea Diplopia 

3 Nausea 8 Hearing loss 
Vomiting Tinnitus 

Nausea 
4 Nausea 

Vomiting 9 Hearing loss 
Headache Dyspnea 
Nystagmus 

5 LocaUzed pain 10 Hearing loss 
Rash Tinnitus 

Nausea 

DESCRIPTIONS OF T E N DIVES IN WHICH VERTIGO OCCURRED 
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TABLE IV 

RELIEF OF SYMPTOMS 

Case no. 6 10 

Onset 90 98 Surface Surface 10 Surface Surface 120 Surface 110 
of FSW FSW 

symptoms during during 
ascent ascent 

Delay in Not Not 
treatment treated treated 

(min) 
Maximum 
treatment — 

depth 
(FSW) 
Depth 

of — 
relief 

(FSW) 
Time 

of 3-4 

+ 13 
min 

96 

— 165 

No 
relief 

Not 

+ 1 FSW 
min during 

ascent 

68 42 

165 165 

165 165 

+ 2 0 + 2 
relief weeks days reported min min 

+ 2 0 
min 

60 

60 

+ 2 2 

+ 3 2 
min 

151 

165 

165 
(80% 
relief) 
+ 6 8 
min 

(80% 
reUef) 

FSW 
during 
ascent 

210 

210 

+ 103 

+ 2 5 
min 

19 

165 

165 

+ 3 8 
min 

FSW 
during 
ascent 

17 

165 

165 

+ 6 
min 

usually associated with vestibular dysfunction. The visual disturbances, other than diplopia 
and nystagmus, experienced in cases 1 and 6 were bright flashes of hght; the subjects reported 
neither bhnd spots nor constriction of visual fields. 

Recompression, when used, was generally successful in reheving the symptoms (Table IV). 
In the two cases in which recompression was not carried out, the subjects gradually became 
asymptomatic (over 5 days in case 2, and over 3-4 weeks in case 1). 

Discussion 

Most reports of vestibular problems in diving involve middle-ear squeeze during com­
pression. However, earlier literature on the subject, on caisson workers, contains reports of 
vestibular symptoms, at least some of which were related to decompression problems. For 
example, Heller et al. (2) around the turn of the century reported 24 cases of a Méniére-like 
syndrome. Four in 10 of their cases suffering only from vertigo had normal-appearing tym­
panic membranes, and 6 in 11 having hearing loss as well as vertigo displayed normal-ap­
pearing tympanic membranes. These pressure exposures were rather shallow, but the bottom 
times were relatively long. The controlling half-time tissues and the pressure-time relation­
ships in the caisson exposures are similar to those in our own deep dives, suggesting that these 
factors might conceivably account for the appearance of decompression-related vestibular 
and hearing symptoms in both instances. 
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The sudden onset of vestibular symptoms during or after decompression naturally leads 
one to assume that the etiology is decompression-related, and the odds favor such an assump­
tion. However, we must at least consider other possible causes of these symptoms and we should 
rule them out insofar as it is practical. Changes in the tympanic membrane and the middle 
ear due to barotrauma may develop slowly, and the onset of symptoms may be delayed until 
some minimal threshold of stimulation is reached. The case history and an examination of 
the ear should be sufficient to make a correct diagnosis. Infections of the middle ear, external 
auditory canal, or surrounding structures—infections known to cause vertigo—can develop 
during the long decompression from a saturation dive or from a deep nonsaturation dive. 
Dizziness or vertigo can be a manifestation of hypotension and decreased perfusion of blood 
from any cause, including bradycardia or tachyarrhythmias, as examples. The emphasis 
again must be placed on an immediate, careful history and physical examination. Hyper­
tensive crisis can manifest itself as vertigo, but one hopes that a person with this potential 
does not dive. 

Of the primary demyelinating diseases of the CNS, multiple sclerosis is practically the only 
one that can begin with the sudden development of true and unaccompanied vertigo, or of 
nystagmus and ataxia without subjective vertigo. Reports indicate that vertigo is the first 
symptom in from 5 to 12% of multiple sclerosis patients (9). There is nothing clearly distinc­
tive about the vertigo in multiple sclerosis, and diagnosis of the disease based on vertigo can 
only be made in retrospect. 

Paroxysmal positional nystagmus, which is a poorly understood disease entity, may be 
central or peripheral in origin. The vertigo occurs only when the head is in certain positions 
or during change to a certain position (6). 

LocaUzed cerebrovascular insufficiency—whether from a recompressible intravascular 
bubble, from a noncompressible thrombus or embolus, or from reversible hemoconcentration 
effects—can cause dizziness or vertigo as the first or sole symptom. The internal auditory 
artery, which suppHes the 8th nerve and the vestibular and cochlear structures, arises either 
from the anterior inferior cerebellar artery or directly from the basilar artery. Occlusion of any 
of these three arteries can compromise vestibular blood flow (1). 

Histories of a group of stroke patients at the Massachusetts General Hospital, in whom 
specific vascular lesions could be identified, revealed dizziness or vertigo in a large percentage 
of those with occlusions of the basilar artery, anterior inferior cerebellar artery, internal 
auditory artery, or vertebral artery. For many this was the initial symptom, and for some, 
the only one. The vestibular symptoms in the vertebral-artery occlusions correlated with 
the finding of a wedge-shaped infarction of the lateral medulla, including the inferior portion 
of the vestibular nucleus (1). 

It is desirable to differentiate between CNS and labyrinthine vertigo, and a clinical evalua­
tion is helpful in doing so. True rotatory vertigo usually is labyrinthine in origin. Labyrinthine 
vertigo is further characterized by a history of discrete attacks and by other symptoms of 
proportionate severity, such as nystagmus, nausea, vomiting, ataxic gait, pallor, and sweating. 
Central-vestibular vertigo often involves a more or less constant sense of imbalance; its other 
symptoms are disproportionate to its severity, or are absent altogether (10). 

Existing information about Méniére^s disease, also known as endolymphatic hydrops, sug­
gests another possible cause of vestibular dysfunction: intralabyrinthine pressure changes. 
Meniere's original case report, as reported by Walker (11), involved hemorrhage into the 
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labyrinth, but subsequent reports have consistently stressed the autopsy finding of dilatation 
of the endolymphatic system. In addition to the triad of unilateral low-tone sensorineural 
hearing loss, tinnitus, and attacks of vertigo, many patients with typical (and atypical) 
Meniere^s syndrome report a sense of pressure or fullness in the affected ear (10). Lest we 
jump too rapidly to a conclusion regarding pathogenesis, however, we should note that en­
dolymphatic hydrops may be present in individuals who never have had symptoms of Meniere's 
disease (11). Several questions, therefore, need to be answered. What is the effect of pressure, 
as such, in different parts of the labyrinth? Does increased pressure really cause the observed 
dilatation? Is the pressure effect a continuum, or does it occur only after disruption of laby­
rinthine structures? Do changes in the ionic composition of the endolymph and perilymph 
occur before membrane disruption occurs? How is the pressure increased? Some of the answers 
are available, or at least on the horizon. 

Henriksson et al, (3, 4) reported, in 1966, a series of experiments on the effects of pressure 
variation in the membranous labyrinth of the frog. They developed and tested a simple, re­
producible means of applying and of quantitating pressure and volume changes in the endo­
lymphatic labyrinth. They demonstrated its elasticity by showing a linear relationship be­
tween changes in volume and pressure, and a consistent rupture of the frog saccule at apphed 
pressure exceeding 5-8 cm of water. In some of their preparations, these investigators further 
showed an effective block between the utricle and the saccule, and made use of this block to 
show that, at pressures below the rupture point, the intact utricular membranes do not per­
mit passage of fluid. When the utriculosaccular connection was intact, the rise in pressure, 
for a given increase in volume, was followed by an exponential decline that was due to loss 
of the added volume from the system. One cannot tell from this report, however, whether this 
loss in volume was due to increased removal or to decreased formation of endolymph. By the 
use of fluid-staining techniques, applying pressures below the rupture point showed fluid up­
take into the capillaries surrounding the endolymphatic walls. A small amount drained into 
the cranial cavity via the endolymphatic duct, but no leakage occurred through the membrane 
into the perilymph. Subsequently—again with pressures below the rupture point—Henriks­
son et al, (3, 4) showed a transient rise in ampuUary nerve activity in response to increased 
pressure, and suggested that more persistent nerve activity would result from pressure apphed 
to the point of membrane disruption. 

We suggest several ways in which such pressure changes might occur either minimally or 
with enough force to create membrane disruption during decompression: bubble formation 
in the endolymph; decreased circulation of the blood, perhaps caused by hemoconcentration 
or autonomic responses involving the supplying vessels (10), which could result in decreased 
resorption of endolymph; rapid buildup and release of middle-ear pressure, as suggested by 
Lundgren (7) in his discussion of altemobaric vertigo; or pressure differences within the mem­
branous labyrinth because of blocks in the endolymphatic circulation. Additionally, osmotic 
gradients from dissolved gases, as suggested by Kylstra et al, (5), could raise endolymphatic 
pressure by causing fluid shifts. 

The goals of this presentation have been: (1) to call attention to the problem of vestibular 
dysfunction caused by decompression; (2) to review what is known regarding possible causes 
of such malfunctions; and (3) to stimulate interest in possible avenues of research. Definitive 
knowledge about the pathophysiology of vestibular derangement will, one hopes, help to 
avoid it and to treat it more effectively when it does occur. 
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SPEECH DISTORTION AT HIGH PRESSURES 

G, Μ. Fant, J. Lindqvist, Β, Sonesson, and H, Hollien 

There are several factors that affect verbal communication at hyperbaric pressures. Speech 
distortion is the primary disorder, whereas middle ear hearing loss (1, 4) is less disturbing. 
Psychological and physiological factors account for disturbances in human operators' articula-
tory and discriminatory abilities. However, the basic cause of the speech distortion can be 
attributed to physical disturbances in the sound generation process. This disorder, dependent 
as it is on the pressure and gas mixture of the breathing atmosphere, cannot be compensated 
for to any considerable extent by speech training. 

The changes in speech occurring when a speaker breathes a He -02 or other mixture are well 
known. The effects of the particular ambient pressure, on the other hand, are less well known 
and constitute the main theme of the present paper, the purpose of which is to describe some 
Swedish work done on the subject (2, 3) including an analysis of speech recordings of SeaLab 
aquanauts while they breathed a He -02 mixture at pressure. These recordings were put at 
our disposal by the Communication Sciences Laboratory of the University of Florida. 

The Effect of Pressure on Speech in Air 

Our interest in these matters dates from 1962, when we heard a tape demonstrating the 
typical nasal quality of a subject's speech in a tank pressurized to the equivalent of approxi­
mately 300 FSW, or 11 atm abs, compared with his speech at normal pressure in air. We first 
looked for a physiological explanation. However, an X-ray investigation in the pressure tank 
revealed no insufficiency in the velopharyngeal closure (see Fig. 1). The nasality, therefore, 
was not induced by velar muscle dysfunction. So we turned our attention to the physics of 
speech generation in the search for possible factors to explain the distortion. This study was 
quite successful. 

In normal speech, the distribution of maximum energy in the speech spectrum is principally 
determined by the shape of the vocal cavities from the larynx to the lips and by the velocity 
of sound in the exhaled gas mixture. Figure 1 illustrates the cross-sectional area function of 
the vocal tract and the frequency spectrum of the vowel i spoken in air at 1 atm. Since in-

293 
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FIG. 1. Vocal tract outline, velopharyngeal valve, area function and stylized spectrogram of a nonnasahzed 
vowel i. 

creased air pressure does not affect the velocity of sound to a significant degree, the effects 
of pressure distortion are not the same as the ^'Donald Duck'^ transposition effects that are 
characteristic of He speech. The main spectral distortion observed under hyperbaric conditions 
can be described as a transposition of formants in some inverse relation to their frequency. 
The lowest limit of the formant range is radically raised and the dynamic frequency range of 
formant 1 is accordingly compressed, as illustrated in Fig. 2. 

When one speaks in an air atmosphere at increased pressure, the increased density of the 
air causes an increase in the impedance of the air, and accordingly reduces the mismatch 
between the impedance of the cavity walls and air. The cavity walls therefore participate 
more effectively in sound propagation and in tuning of vocal resonances than they do at normal 
pressures. In an electrical circuit, as shown in Fig. 2, that is equivalent to the vocal resonator 
mechanism, the cavity wall impedance enters as an inductance {Ly,) that evidently causes a 
relatively heavy loading of the resonator at a low frequency, but is of no importance at a 
very high frequency. 

The lower limit of Fi, the first formant frequency, is the resonance frequency of the closed 
vocal tract, Fy^o^ wlxich in speech under normal atmospheric conditions is about 150-200 
Hz, but which can be shown to increase with the square root of the pressure. At 164 FSW— 
i.e., 6 atm abs—this limiting frequency is raised to approximately 350-500 Hz, and at 11 
atm abs, 500-650 Hz. Figure 3 provides a comparison of predicted and measured formant 
frequency shifts at 6 atm abs. The data refer to the average formant frequency shifts of four 
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CO PO air at sea level, Po = 1 atm abs 
CO' PO' other gas at sea level, Po = 1 atm abs 
c' p' other gas at pressure Ρ 

FIG. 2. The effect of vocal tract wall vibrations on the closed tract resonance and the formant pattern in air 
at 1 atm abs and 11 atm abs pressure. 

male subjects. The measured data agree very well with the theoretical predictions. As can 
easily be demonstrated analytically for the lowest resonance, acoustic theory predicts rela­
tion: 

Fl = Fli + Fl (1) 

in which Fn is the actual resonance frequency, Fni is the resonance frequency without consider-



296 G. Μ. FANT, J. LINDQVIST, Β. SONESSON, AND Η. HOLLIEN 

1 0 , 0 0 0 

5 0 0 0 

2 0 0 0 

1 0 0 0 

5 0 0 

2 0 0 

/ 
V 

2 0 0 5 0 0 1 0 0 0 2 0 0 0 

A t 0 - l e v e l in a i r ( H z ) 

5 0 0 0 

FIG. 3. Predicted and measured formant frequency transpositions in air at 50 m equivalent depth ( 1 6 4 
F S W ) . Average of four male subjects. (—) Predicted; ( O ) measured; ( )h = 1. 

ation of vocal wall vibration, and is the resonance frequency of the closed vocal tract. 
The last frequency, which sets the lower limit of the sound spectrum, is proportional to the 
square root of the density of air, i.e., 

Fl =PFL (2) 

in which Fwo is the closed tract resonance frequency at a pressure Ρ of 1 atm abs. Alternatively, 
the cavity wall vibration can be introduced as a frequency-dependent change in the effective 
velocity of sound propagated in the vocal tract (c«): 

Ce = Coil-Fl/P)-^^^ 

Other Gas Mixtures 

(3 ) 

In the study of the combined effects of a pressure P, a density p', and a velocity of sound 
c', which are different from Po, po, and Cq of air at 1 atm abs, the following formula may be 
used instead of Eq. (1 ) : 

V o / V o / poPo 

The derivation is given in reference 2. The density of the gas at Po = 1 atm abs is po'. Thus 
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p' = P'po' under the specific condition 

Po'P = poPo or po' = P-ipo 

Thus Eq. (4) takes the form 

F „ = ic'/co){Fh + FLy" 

(5) 

(6) 

Thus, assuming that a compressed gas has the same density as air at sea level, the specific 
low-frequency distortion is canceled out. Accordingly, the optimal diving depth (d) in meters is 

d = 10[(ρο/ρο') - 1 ] atm abs 

Since for an ideal gas 

the optimal diving depth for avoiding the pressure effect is 

d = 10[fc2(7o/7) - 1 ] 

(7) 

(8) 

(9) 

in which k = c'/co is the overall frequency transposition factor, y = Cp/Cv for the gas, and 
7o pertaining to air. Thus when fc = 2, the optimum depth is about 35 m (115 FSW); and 
when A; = 4, optimum depth is about 180 m (590 FSW). The closed tract resonance F^, is 
approximately independent of the particular gas mixture, and varies as a function of pressure 
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FIG. 4. Predicted and measured formant frequency transpositions of Subject Β while he breathed a 2.5% 
02-97.5% He mixture through a light diving mask at 100 m equivalent depth (328 F S W ) . (—) Predicted; 
( O ) measured; ( )k = 2.63. 
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FIG. 5. Predicted and measured formant frequency transpositions of Subject C while he breathed a 90% 
He-7.8% N2-2.06% O2 mixture at 450-FSW pressure. (—) Predicted; ( O ) measured; ( )k = 2.26. 

of the breathing mixture, i.e.. 

(10) 

Here Fy,o pertains to air at P o = 1 atm abs. The ratio 7/γο is a constant of the order of 1. 
A study of the formant transposition in a He -02 atmosphere was carried out at the research 

unit of the Swedish Navy in Stockholm. The subject used a closed circuit breathing system 
providing 97.5% He and 2.5% O2. The velocity of sound in the gas mixture was experimentally 
measured and checked against calculated values (5) . A transposition factor of λ = 2.63 was 
measured. A prediction according to the complete formula given in Eq. (4) produced quite 
satisfactory results, as shown in Fig. 4. 

Fant and Lindqvist (2) further evaluated the above theory by using formant data taken 
from the SeaLab III speech material. Figure 5 pertains to subject C at the equivalent of 
450 FSW. He was speaking without a mask in a chamber containing a 90% He-7.8% N 2 -
2.06% O2 breathing mixture. Even under these conditions, the results were rather well pre­
dicted by our theory. 

Among other effects that can be predicted from acoustic theory is that voiced speech sounds 
increase in intensity by 3 db through doubling the atmospheric pressure, whereas the level of 
fricatives and other unvoiced speech sounds is not affected appreciably by pressure. A certain 
loss in high-frequency energy of unvoiced fricatives and stops is generally observed. Such 
effects probably reflect changes in turbulent source spectra, but could also be caused by 
insufliicient frequency response of the microphone used for recording. 
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Technical methods for restoring the normal spectrum of speech articulated at high pressures 
are thus facilitated if the density of the gas is made low enough to suit the particular diving 
depth (Eq. 7 or 9) . However, depth is not a very critical consideration as long as the density 
of the gas at a particular depth is not radically different from that of air under normal speaking 
conditions. This is also a requirement for comfortable breathing. 

At high pressures, some speakers raise their fundamental voice frequency, and most speakers 
slow down their speaking rate. A correlation between speaking tempo and the P02 was found 
in the SeaLab III speech material (2). Intelligibihty scores of the unscrambled He speech 
studied by one of us (Hollien) were of the order of 90% at zero level, 47% at 200 FSW, and 
12% at 450 FSW. Developmental work on new systems for speech restoration is being carried 
out at the Royal Institute of Technology in Stockholm, Sweden. 
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PART VIL SENSES AND COMMUNICATION* 

DISCUSSION 

J. K. Summitt, Chairman 

Dr. Kylstra: Dr. Kinney, in your studies of hand-eye adaptation of trained diver subjects in contrast 
with the untrained subjects, there was a recovery period in which the trained subjects showed remarkable 
deterioration in hand-eye coordination, and this apparently persisted for quite a while. Would you comment 
on that? I wonder how anything that has to do with coming to the surface could affect this performance. 

Dr. Kinney: There is an aftereffect that persists, but only for a very short time. It is measured after all 
optical distortion or, in this case, underwater distortion has been removed. The duration is usually 1-2 min 
but sometimes it lasts as long as 5 min. 

Dr. Beckman: In the visual studies that Dr. Kinney did, it is my impression that one must really differ­
entiate between the optical effect of wearing a piece of plate glass in front of the visual apparatus because of 
the magnification and the nearing effect on vision. In one of your slides you showed the effect of distance, and 
I want to know whether these studies were done with a flat plate in front of them so that visual distortion 
exists. 

Second, in the proprioceptive studies done on grasping, was this purely a visual phenomenom or was 
there any differentiation between the visual effect and the proprioceptive effect of being in water? 

Dr. Kinney: The subjects all wore normal diving masks, so that there is distortion due to the normal 
face mask. The overestimation apparently occurs at distances beyond 4-5 ft and is apart from the usual magnifi­
cation, which accounts for the data at lesser distances. 

In answer to your second question, concerning hand-eye coordination, the visual appearance of the object 
is quite different from where the physical location of the object is. This is what we are attempting to measure. 
I do not believe a kinesthetic component entered into our particular tasks. The tasks could be arranged so this 
would be a compHcating factor. In our cases the subject simply was reaching to where he thought the object 
was located, not being able to see his own hand or to self-reach at the same time. 

Dr. Godfrey: Dr. Kinney, could you expand on the kinds of tasks which your subjects performed while 
adapting? 

Dr. Kinney: Without any great theoretical basis we chose for this particular experiment a group of tasks 
which involved manual manipulation of objects while the subject was looking at them. One of the tasks was a 
game like checkers, where you pick up pieces and move them on a board. Another of the tasks was working a 
crossword puzzle so that you had to fill in little spaces. Another was writing your name out of objects on the 
bottom of the underwater area. 

In our new work we are going to choose some tasks on a theoretical basis, which should optimize things. 
But in every instance you need to have some feedback from where you think your hand is and where you 
actually see it come. 

Dr. Godfrey: Did you have people who did not do anything, who did not physically interact with the 
environment but just sat on the bottom and looked at things? 

Dr. Kinney: Not in the experiment that I showed you. We have done this and our data are not complete. 
But we have looked into this sort of thing. However, that would be the experience of the class of scuba divers 
that I mentioned. Presumably most of their 4 weeks of underwater experience was simply swimming and 
getting used to the equipment. 

* Panelists: J. A. Kinney, J. D. Harris, C. J. Rubenstein, G. Fant. 
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Dr. Lambertsen: Concerning the occurrence of deafness and vertigo, I understand that there is a con­
dition, an idiopathic acute deafness which is a fairly well-known phenomenon in the nondiving population. I 
also understand that the end organ is one in which the arteries which supply the tissue are end arteries. There­
fore the discussion concerned with sludging of blood or the agglutination phenomena has for many years been 
considered important in clinical otolaryngology in this condition, and on that basis heparin has been used as the 
major method for managing this nondiving casualty. 

Can you elaborate upon the possibility that heparin may be important in the management of sudden 
deafness that occurs in diving and that heparin treatment should be routinely used in this circumstance? 

Chairman Summitt: Dr. Farmer is the best one to answer that, but I would like to make one comment. 
A hemorrhage into the cochlea is also a very real possibility, and in the reported cases of caisson workers in 
the early 20th century, autopsy cases demonstrated some hemorrhage into the end organ itself. In the cases we 
have treated we have not used heparin. We have been very hesitant even to use dextrans, which decrease the 
coagulation of the blood. 

Dr. Farmer: I think Dr. Lambertsen is quite right. In otolaryngology sudden deafness in the nondiving 
population is not infrequently seen. However, our understanding about why this occurs still remains quite 
remote. There is a possibility, as Dr. Summitt has pointed out, that hemorrhage within the organ itself could 
be a possible explanation. Indeed there is also the possibility that vascular insufficiency plays a very real role, 
whether it is on the basis of intravascular sludging or intravascular bubble formation or localized spasm of 
the end artery. 

Insofar as treatment is concerned, in otolaryngology there is very little agreement as to what treatment 
should be used in cases of sudden deafness in the nondiving population. Intravenous fluid therapy has been 
used; vasodilators have been tried. Intermittent respiration with 5% CO2 has been used; diuretics, intravenous 
histamine, steroid therapy—in fact, there are several very well-known otolaryngologists who treat cases of 
Meniere's disease with every one of these modalities at the same time. 

We might have evidence of experience in subjective feelings, but there is no experimental data which 
justify any one of these therapeutic measures at the present. 

Chairman Summitt : I might point out, too, Dr. Lambertsen, that during our treatment schedules with 
recompression we frequently put our divers on 100% O2 at 60 ft and we do not know the local vascular response 
to the vasodilators or many of the other drugs used in this kind of treatment. 

Dr. Lambertsen: To extend that question, could you tell us, then, the usual pattern in the nondiving 
public when these sudden episodes of deafness and vertigo occur? It is my understanding that unless treatment 
is quite drastic and prompt the deafness is likely to be permanent. Is this the case? It would help the audience, 
I think, to know the usual end result. 

Dr. Farmer: The pattern of cases of sudden hearing loss is very variable. When we better understand 
this phenomenon, prompt treatment is certainly going to be the rule. In our present understanding and knowl­
edge of this problem, the pattern is so variable that I think it would be improper to say any one specific form 
of therapy at the present time is apropos. 

Perhaps the best way for the audience to approach this problem is with the feeling that prompt therapy 
will probably do no harm and certainly has a better chance of helping than delayed therapy. 

Probably what you are referring to is cases of sudden deafness in which it has been postulated that there 
are sudden membrane breaks. Again, this is not well understood. In a particular series of cases reported by a 
group in California, half of the patients had some hearing loss which was considered to be a sudden membrane 
break on the basis of being associated with some sudden stress or trauma. Half of these people had no return of 
hearing, and half had a return of hearing within 6-8 weeks. Again, a variable and very poorly understood pattern 
exists at the present time. 

Dr. Hubenstein: I may complete part of the answer to Dr. Lambertsen's question: One of the things 
asked was whether use of heparin would be considered to be important in treatment. We want to make sure 
that there are no false ideas created about the role of recompression in treatment of these sudden losses of 
hearing in vestibular function. Of our cases of vestibular function loss, recompression was applied in some of 
these; and where recompression was applied immediately, there was a nearly immediate response to treatment. 
I think this is an awfully important thing to keep in mind. We do need to think about all the possible etiologies. 
Nevertheless, the odds are with us when we are in a decompression situation in recompressing, but we do 
want to take the time to look first to see what else may be going on. 

Dr. Rehman: My question concerns the audiovisual aspects of decompression, the vestibular aspects 
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particularly. First, the possibility of pressure on the endolymphatic system was mentioned. To refresh your 
memory, the endolymphatic system is based in a position in the region of the middle ear, well protected by the 
cerebrospinal fluid externally and lying within an enclosed compartment internally, but not readily subjected 
to external pressure. 

Second, in considering the vascular supply to the vestibular apparatus, mention was made that the branch 
might be derived from the anterior inferior cerebellar artery or the basilar artery or the internal auditory 
artery. These three vessels, in their order, are derived—the basilar particularly—from the vertebral and the 
vertebral from the subclavian. Might not a pressure effect be derived directly from an increase in the ambient 
pressure or the hydrostatic pressure on the root of the neck rather than to assume that the pressure is trans­
mitted into the interior of the cranium to produce the effect? 

In that case, of course, the question also arises: Might there not also be an effect upon the carotid sinus 
affecting not directly the hning and the medial layer, but the general area around it? 

The third aspect of this deals with the possibility of the Eustachian tube being clogged, with resultant 
inability to dive. Is there a possibility that in such a situation there is a pressure effect on the vascular bed in 
the region of the promontory which in turn produces an effect upon the round window? There could result 
interference with the action of the cells and in the organ of Corti, or possibly the action upon the stapes leading 
to hyperemia in the area and interfering with the action of the stapes on the foot plate. If so, the temporary 
deafness and then the restoration of hearing on recompression might be due to a mechanical effect. 

Dr. Rubenstein: To begin with the degree to which the membranous labyrinth is protected, it actually 
is a protected organ within the bony structure and separated from the bony structure by the perilymph. There 
is no good information now concerning how the pressure effect is created. We can only postulate ways that 
have at least been suggested by other experiments in the literature, and what we are postulating is the creation 
of a pressure effect within the endolymph itself. 

If you look at the structure, the connection between the utricle and the saccule, for instance, there is 
a little slitlike orifice with a flap of the utricular wall directly over it. It is conceivable, for example, that this 
could act as a flap valve and produce transient problems of block within the endolymphatic channels themselves. 

We are also suggesting the possibility of the formation of additional fluid or the occurrence of additional 
fluid within the endolymph, either because of decreased elimination or overproduction or osmotic shifts. I 
think the concept of osmotic shifts is intriguing, but we can only raise the question and not answer it. 

Pressure on the vasculature itself in the region of the neck should be distributed in a more generalized 
sense to the vasculature and might have a greater tendency to cause venous obstruction and retrograde pressure. 
This might produce an additional likelihood of membranous rupture or of vascular rupture within the structures. 

If one thinks in terms of vasodilatation, then the question should be raised whether, if you had vaso­
dilatation on that basis, this would be likely to cause an increased extravasation of fluid into the endolymph. 

Dr. Farmer: Perhaps so under certain circumstances. I think we might clear up this point of confusion. 
In order to think about possible etiologies of this problem on the basis of pressure changes in the endolymphatic 
system, one has to presuppose or to find that there is a pressure differential between certain parts of the endo­
lymphatic system and the middle ear, or the subarachnoid space. At the present time we have no knowledge 
that would indicate that there is such a pressure differential. 

The inner ear, as a matter of fact, even though it is encased in a very bony structure, is a distensible 
organ. There are three portholes of distensibility—the round window, the oval window, and the endolymphatic 
sac. Pressure in any one of these places, if there is such a pressure differential, will lead to distribution of this 
pressure through either of the other two openings if these openings are patent. 

In regard to your questions about possible middle ear dysfunction, this brings us to what I feel is a very 
important point. In cases of middle ear dysfunction one is most likely going to have a conductive hearing loss 
rather than a neurosensory hearing loss, and if I may make a plea to people who are concerned with deep 
diving and who are having ear problems: When you do your audiometric testing, please differentiate. The 
first step in analyzing a hearing loss is to determine what type of hearing loss it is. If you are having middle 
ear problems with no inner ear problems, you are going to have a conductive hearing loss. With tuning forks 
and sophisticated use of tuning forks, this type of hearing loss can be ascertained even in a diving tank under 
high pressure conditions. 

In addition, we should obtain reliable means of measuring hearing even under pressure, as well as before 
dives and after dives. Then we will have at our disposal a better means to diagnose exactly what kind of problem 
you are dealing with and can institute treatment more quickly. 
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Dr. Horvath: Dr. Kinney, in view of your pictures of the remarkable patterns of water effects on vision, 
were your experiments conducted under the most optimum conditions for water, namely, in distilled water? 

Dr. Kinney: The graph which showed the various transmissions for different bodies of water applied 
only to the visibility of color data. The rest of the data were obtained in a clear pool where the turbidity could 
be controlled. In most cases the experiments were performed in clear water. Under certain circumstances—for 
example, some of the depth data—clarity was controlled and transmissions got down as low as 30%/m. 

We have done other depth experiments in lakes where turbidity was extremely high. But most of the 
hand-eye data was clear water data. 

Dr. Hughes: The ability to equalize the middle ear seems to be a problem with any diver and indeed 
sometimes eliminates some otherwise physically qualified people. Is there an antihistamine and/or decongestant 
regimen that is recommended for this problem, for the man with hay fever sometimes cannot dive at certain 
times of the year or cannot equalize well? And is the "reverse block" really a problem when using a decongestant 
and/or antihistamine? 

Dr. Farmer: You will get a different opinion among various otolaryngologists. Some consider that decon­
gestants, whether systemic or topical, are poisons in the sense that they destroy the function of the nasal 
epithelium temporarily. In some cases they are very useful. 

It would be my opinion that if a person needs to use a decongestant to adequately clear his ears, he probably 
should not be diving. This does not help you in your problem of having to exclude some very talented and 
physically able people, but this is the best answer I can give you. 

Dr. Hughes: There are those I know who, because of hay fever, have a hard time equaUzingthe middle 
ear. They use decongestant nose drops and some have said that there is a rebound phenomenon while they are 
diving, which can be a problem in that they rupture the ear drum on ascent. 

Dr. Farmer: The rebound phenomenon is a definite problem with decongestants. Certainly in situations 
that you just described there could be a rare instance where air can get from the nose to the middle ear but 
cannot get from the middle ear to the nose. 

Dr. Rubenstein: What about a ball valve phenomenon during decompression? 
Dr. Farmer: Most experienced otolaryngologists do not believe that in the case of an uninfected normal 

ear you can have a situation where you have a higher pressure in the middle ear than you do on the outside 
and therefore have air trapped in the middle ear. 

We do occasionally see a valve action in ears that have tumors, in which the tumor does indeed act as a 
ball valve and obscures the proxymal orifice of the Eustachian tube as it leads from the anterior part of the 
tympanic cavity. 



MECHANICAL LIMITATIONS OF EXERCISE VENTILATION 
AT INCREASED AMBIENT PRESSURE 

L. D. H. Wood and A. C. Bryan 

Man is mechanically inefficient in water. His inefficiency is compounded at depth by a 
reduction in his aerobic power owing to the progressive restriction of pulmonary ventilation. 
The use of additional He rather than N2 in the breathing mixture helps alleviate this problem, 
but it arises again at greater depths where, despite the use of He, exercise may be limited by 
the inherently restrictive properties of man^s respiratory pump. The increased work of breath­
ing and the limitation of alveolar ventilation together play a major part in the diverts reten­
tion of CO2. This retention is dangerous in itself and potentiates other diving stresses. Some 
sort of respiratory assistance is obviously desirable; it is less obvious, however, what form the 
assistance should take. We have therefore attempted to explain the mechanism of flow limi­
tation and to assess its importance in the working diver. 

Limitations of Expiratory Flow 

Many investigators have demonstrated a nonlinear fall in maximum expiratory flow rates 
as air density increases (8, 10, 12, 19). We have used maximum expiratory flow-volume curves 
to define the effect of air density on maximum expiratory flow at six different lung volumes 
(16). At lung volumes greater than 25% of vital capacity (VC), these flow rates varied ap­
proximately inversely as the square root of air density (Fig. 1). 

We have explained these results by using the equal pressure point concept of Mead et al. 
(11), who demonstrated the unique relationship between static recoil pressure of the lung 
and maximum expiratory flow. Alveolar pressure (Palv) is the driving pressure in expiration. 
It exceeds pleural pressure (Ppl) by an amount equal to the static recoil pressure of the lung 
[Pst(l)]. During a maximum expiration there is a pressure drop along the intrathoracic air­
way that at some point equals the static recoil pressure of the lung, so that intraluminal and 
extraluminal pressures are equal to Ppl. 

307 



308 L. D. Η. WOOD AND A. C. BRYAN 

D e p t h ( f t ) 

10 2 0 4 0 6 6 9 9 1 5 0 2 0 0 2 5 0 

Peak y = lojp-o.4z 

^25maK =2.6^-0-^3 

^20 max =1.7^-0-35 

Π 1 1 1 1 \ 1 Γ 
1.0 1.3 1.6 2 . 2 3 . 0 4 . 0 5 . 5 7 . 0 8 . 6 10 

a t m a b s 

FIG. 1. Logarithmic plot in one subject of maximum expiratory flow rate at six lung volumes against air 
density (numerically equivalent to atmospheres). Shaded area is the range of measured values. Equations at 
left describe adjacent solid lines of visual best fit; i.e., Vib max is the maximum flow at 7 5 % VC. Exponent is the 
slope of the line, and so describes the relationship of maximum expiratory flow to density at that lung volume. 
The decreasing slope with decreasing lung volume is shown ( 1 6 ) . (By permission of publishers.) 

These equal pressure points (EPP) divide the airway into two segments in series. The down­
stream segment has negative transmural pressures and is compressed as pleural pressure in­
creases, so that flow cannot increase further—i.e., maximum expiratory flow is effort-inde­
pendent (3, 11, 15) . The upstream segment is characterized by a fixed driving pressure, Pst(l), 
and by a fixed geometric configuration of the airway at each lung volume. 

The pressure drop along the upstream segment equals the static recoil pressure Pst(l) and 
has two components: (1) the frictional pressure losses (Pfr), composed of turbulent (Ptu) 

and laminar (Pu) pressure drops, and {2) the pressure losses caused by convective accelera­
tion (Pea)- This last term—called the bernoulh effect—refers to the energy required to ac­
celerate gas particles between two points in a tube with converging boundaries. Macklem 
and Mead (9) have shown that Pea accounts for the largest part of the upstream pressure 
loss at lung volumes greater than 6 0 % VC. 
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The components of the upstream pressure drop are described by the following equations: 

Pca = 
2g DEPP 

ß O . 7 5 ^ 0 . 2 5 yi.n 

in which ρ = gas density, V = volume flow, g = gravity, D = diameter, and μ = gas vis­
cosity. They show that if all the flow in the upstream segment were nonlaminar, maximum 
expiratory flow would vary between density "-̂ ^ and density --^o (16). The observed relation­
ship between maximum expiratory flow and density (Fig. 1) at lung volumes greater than 25% 
VC conforms with the predicted relationship. At lower lung volumes the slope decreases, so 
that laminar flow becomes an increasingly large component of the upstream flow regime. 

These data show that maximum expiratory flow and, consequently, maximum voluntary 
ventilation (MVV) decrease approximately inversely as the square root of air density, be­
cause the pressure drop in the upstream segment is predominantly Pea and Pfr. 
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F i G . 2. Logarithmic plot of flow against density, extrapolated to the density of saline, predicting a 30 X 
reduction in M V V and maximum expiratory flow because of density-dependent increase in upstream resistance; 
and a further L4 X reduction because of decrease in static recoil pressure in the liquid-filled lung. 
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Limitations of Liquid Flow 

Earlier workers [e.g., Kylstra (5)] have assumed laminar flow in predicting the mechanical 
Hmits of Uquid breathing, so that breathing saline would be expected to cause a 40-fold re­
duction in MVV (saline viscosity being approximately equal to 40 times air viscosity). Since 
our data indicate that MVV is density-dependent, the data predict, rather, a 30-fold reduc­
tion in MVV (sahne density is equivalent to 900 times air density) (Fig. 2). Since the pressure 
drop in the upstream segment varies as p7^ a twofold reduction in static recoil pressure caused 
by the lung's becoming filled with saHne (7) will further reduce the MVV by the square root 
of 2. Our approach also predicts a 40- to 50-fold reduction in MVV, and suggests that liquids 
of lower density may increase liquid ventilatory capacity. 

Limitations of Inspiratory Flow 

UnHke maximum expiratory flow, inspiratory flow maxima are effort-dependent (3). How­
ever, as Fig. 3 demonstrates, at moderate flow rates at depth, very large pleural pressure 
increments produce little increase in flow. We have frequently observed a transient decrease 
in flow and an increase in esophageal pressure during maximum inspiration at depth. The 
tentative explanation is that extrathoracic airway pressure becomes so negative that there is 
tracheal or glottal narrowing, i.e., an inspiratory flow-limiting segment. 

Maximum inspiratory flow also varies inversely as the square root of air density (Fig. 4). 
This density dependence is primarily due to turbulent flow in the upper airway. Moreover, 

1.0 a t m a b s 

a b s 
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FIG. 3. Inspiratory IVPF curves at 50% VC. Note the large increase in Ppl required to produce moderate 
flow increases at 2-3 L/sec at 4.0 and 7.0 atm abs. 
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FIG. 4. Logarithmic plot of the maximum inspiratory flow rate against air density in one subject at 75 and 
50% V C . 

nonlaminar flow probably persists in the peripheral airway because of shear forces and the 
orifice effects of the branching airway (14), and because of the small length-diameter ratio 
of the airway segment between branching points (16). The significance of these observations 
is that while inspiratory flow maxima do not hmit ventilation, inspiratory work increases 
greatly at depth. 

Limitations of Exercise Ventilation 

Both inspiration and expiration decrease as the same power of air density. However, ex­
piratory flow maxima are substantially lower than inspiratory flow maxima are (cf. Figs. 
1 and 4, containing data from the same subject), so that expiration limits total ventilation. 
Dynamic compression of the airway, which limits expiratory flow, occurs at sea level pres­
sure only during coughing or voluntary forced expiration. It does not occur even during maxi­
mum exercise in healthy men, although it commonly occurs during exercise in patients who 
have obstructive lung disease (4). 

To determine the effect of airway compression on exercise ventilation at depth, we have 
constructed expiratory isovolume pressure-flow (IVPF) curves for five lung volumes at five 
ambient pressures (17). Flow increased with pleural pressure until a maximum flow plateau 
was reached. The lowest pressure at which maximum flow was reached signaled expiratory 
flow limitation; and any further increase in pressure was wasted effort. 

Figure 5 shows typical curves from which maximum transpleural pressure (Ptp max) values 
were obtained. The P tp max values decreased with lung volume and also decreased at the 
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FIG. 5. Expiratory I V P F curves at 75% V C in one subject at 1.0, 4.0, and 10.0 atm abs. 
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FIG. 6. Relationship of Ptp max and lung volume at four ambient pressures. 
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FIG. 7. Pressure-volume loop during heavy exercise at 4 . 0 atm abs showing expiratory pressures exceeding 
the superimposed Ptp max-volume line. 

same lung volume as air density increased (Fig. 6). This latter observation may be explained 
by the upstream movement of EPP^s as air density increases. The pressure-volume loop 
obtained during maximum exercise at 4.0 atm abs exceeded the Ptp max-volume line (Fig. 
7). This occurred at lower work loads and lower ventilations as air density increased. At 300 
FSW this dynamic airway compression hmited exercise at an O2 consumption (F02) of 1.3 
L/min in a subject with a ground-level F02 max of 3.0 L/min. These data indicate that 
maximum exercise at depth is hmited by dynamic airway compression. 

The onset of airway compression during exercise produces an intense choking dyspnea that 
persists long after exercise has stopped. This symptom can be very dangerous to the working 
diver. Nadel (personal communication) has suggested that this dyspnea may be due to the 
stimulation of receptors in the compressed airway, for local anesthesia of this area in some 
clinical situations has relieved the symptom. 

Figure 8 shows the marked rise in alveolar carbon dioxide ( P A C 0 2 ) accompanying airway 
compression during exercise at depth. Minute ventilation decreased and P A c o 2 increased at 
each exercise level as depth increased. The terminal points at depth were obtained during 
maximum exercise, which was limited by airway compression during expiration. Mihc-Emih 
and Tyler (13) have demonstrated a linear correlation between inspiratory work and end-
tidal CO2. It is possible that the increased inspiratory work at depth is responsible for this 
early rise in P A c o 2 and fall in ventilation. 

It has been suggested (6) that altered sensitivity of the respiratory center plays a role in 
CO2 retention, either because of high O2 or N2 tensions or because divers adapt in some un­
defined manner. Although these factors may play a part, our data suggest that the respiratory 
drive is there, but the respiratory pump cannot handle it. 
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FIG. 8 . Relationship of minute ventilation and PAco2 during rest and four exercise loads at 1.0, 4.0, and 
7.0 atm abs. 

Limitations of Regional Flow 

Increased air density may disturb intrapulmonary gas exchange because either parallel 
or series inhomogeneity of inspired gases develops. We have used ^̂ ^Xe to measure the parallel 
distribution of inspired gas while subjects breathed mixtures of sulfur hexafluoride (SFe) 
and O2 at 1.0, 1.5, and 2.0 atm abs (18). At low flow rates (Fig. 9) the distribution of ventila­
tion was normal for all gas densities; that is, alveoli in the inferior portion of the lungs were 
better ventilated than those near the apex. As flow rate increased, this distribution became 
reversed at higher gas densities. In view of this great variability in distribution of ventilation 
with depth and flow rate, many different patterns of ventilation-perfusion ratios may exist. 
It is possible that some of these patterns may impair gas exchange during exercise at depth. 
Furthermore, increased gas density will magnify any abnormaUties in ventilation distribution 
that existed at surface pressure. 

Gumming et al. (1) has presented convincing evidence for series inhomogeneity, or strati­
fication, of gas partial pressures at sea level. Because intergas diffusion is density-dependent, 
stratified inhomogeneity might be expected to increase at depth. On the other hand, Farhi 
(2) has suggested that increased gas density may promote convective mixing in the lung. 
Recently, we have shown that alveolar-arterial oxygen tension differences decrease in subjects 
breathing 20% O2 in SFe. This suggests that, to a density 4.0 times greater than air, the im­
proved bulk mixing more than compensates for any impaired diffusion. 
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FIG. 9. Effect of flow rate of upper and lower lung regions in one subject breathing gases of different 
densities. The relative gas densities are indicated adjacent to each solid line. 

Implications for Mechanical Assistance 

The working diver breathing air at modest depths or 02-He mixtures at greater depths has 
difficulty eliminating CO2 because of the mechanical Hmitations of his respiratory pump. The 
similarity of this difficulty to that of patients with chronic obstructive lung disease suggests 
that divers may need assisted ventilation. Expiratory flow rates are limited by intrathoracic 
airway compression, so that neither pressure applied to the thorax nor suction at the mouth 
can increase ventilation. Assisted inspiration, however, would considerably diminish respira­
tory impairment at depth by decreasing inspiratory work. 
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V E N T I L A T O R Y L I M I T A T I O N S O N E X E R T I O N A T D E P T H 

J, N. Miller, 0. D. Wangensteen, and E. H. Lanphier 

At normal atmospheric pressure the amount of work a man can do seems to be Umited by 
his cardiovascular system (3). At depth, however, alveolar ventilation may be the limiting 
factor. Increased air density may prohibitively increase flow resistance through a breathing 
apparatus, or it may limit flow through a man's own airways. 

Even if a diver uses superior breathing apparatus, his maximum voluntary ventilation 
(MVV) decreases markedly with increasing depth, as shown in Fig. 1. This figure is taken 
from Lanphier (4), who correlated data from the work of Miles (7), Wood (12), Maio and Farhi 
(5), and Sensing and Drube (10). The greatest difference in the values obtained by Maio and 
Farhi and by Wood appeared at 1 atm abs, whereas agreement was almost perfect (both about 
135 L/min) at 2 atm abs. The average MVV when air is breathed is nearly 200 L/min at the 
surface, and falls to about half that figure at 4 atm abs. 

We contend that the principal factor limiting MVV is the conductance of the airways 
themselves, rather than a man's ability to expend energy in moving dense gas, as had pre­
viously been supposed. The concept of dynamic compression of airways put forward by Fry 
and Hyatt (1), Mead et al. (6), and Pride and his associates (9) explains why airways rather 
than expiratory effort limit flow. 

Figure 2 shows expiratory flow at 50% vital capacity (VC) plotted for pressures of 1, 4, 
and 7.8 atm abs when breathing air. Each curve is composed of many points obtained from 
measurements of lung volume, flow, and transpulmonary pressure during expiratory maneuvers 
ranging from gentle air leaks to maximal forced expirations. Pressure-flow curves were then 
constructed for isovolumes between 80 and 20% VC. Only the curves for 50% VC isovolume 
are shown. The crucial factor in expiration is that expiratory flow increases only to a certain 
point while expiratory effort continues to increase. Large intrathoracic airways then begin 
to collapse. Beyond that point additional expiratory effort produces no further increase in 
flow, only an increase in the degree of airway collapse. Maximum flow has become effort-
independent. 

Studies made under conditions of high pressure by Wood et al. (11) indicate that effort-
independent maximum expiratory flow (Fmax) becomes progressively lower as gas density 
increases. Our own findings confirm theirs in most respects (8). 
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M a x i m u m v o l u n t a r y v e n t i l a t i o n ( L / m i n A T P S ) 
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FIG. 1. Maximum voluntary ventilation with air at various depths, from the work of Lanphier (4); values 
derived from four different studies. ( O ) Maio and Farhi (5); ( # ) Wood (12); ( X ) Miles (7); (+) Seusing and 
Drube (10). (By permission of pubhshers.) 

It seems certain that hmitation of expiratory flow is the main reason for the reduction in 
MVV shown in Fig. 1. The work of breathing is indeed increased at depth. However, expira­
tory flow becomes effort-independent before an intolerable effort is required. It is essential at 
this point to differentiate between the mechanics of the human respiratory system and those 
of an external breathing apparatus. Airway collapse does not occur without relatively high 
expiratory flow. The addition of high external resistance in a conventional breathing apparatus 

F l o w ( L / s e c ) 

- 3 0 

1.0 a t m abs 

4 .0 a t m a b s 

mox 7 . 8 a t m a b s 

FIG. 2. Pressure-flow curves for 50% vital capacity isovolume at 1, 4, and 7.8 atm abs. Zero flow corresponds 
to static lung recoil pressure. Fmax is maximum effort-independent flow, and Pmax is pressure at which flow 
first becomes effort-independent. 
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Ρ M o u t h 
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FIG. 3. Low-resistance rebreathing apparatus coupled to a Wedge spirometer. Low-resistance conical 
breathing valves were developed by Scott Aviation Division, Automatic Sprinkler Corporation of America, 
Erie Street, Lancaster, New York. 

may restrict flow so much that effort limitation actually does occur before flow limitation in 
the airway occurs. 

We have built a low-resistance rebreathing apparatus, which is based on the bag-in-box 
principle and is coupled to a Wedge spirometer (see Fig. 3). At the surface its resistance is 

L / m i n vent i l a t ion 

5 0 1 0 0 1 5 0 2 0 0 

1 0 0 

in 

2 0 0 

3 0 0 

FIG. 4. Ventilation in air atmosphere at various depths. Exercise ventilations are shown as shaded bars. 
The dashed portion of bar at 7.8 atm abs shows what ventilation was required to prevent CO2 retention; shaded 
area shows ventilation actually measured. 
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about l/25th that of conventional scuba apparatus, and as depth increases this relationship 
becomes still more favorable. Dead space in the breathing valve is less than 100 cm^ An auto­
matic mechanism switches the bag-box connections to ahow continuous rebreathing for long 
periods of time. Carbon dioxide is absorbed in soda hme, and O2 is added volumetrically as 
required, based upon continuous gas analysis. We repeatedly measure ventilatory and respira­
tory variables, including mechanical factors and breath-by-breath CO2 changes. 

We are currently studying the effect of exercise on subjects compressed to the equivalent 
of 225 FSW (7.8 atm abs) while they breathe air in a pressure chamber. Density of air at 7.8 
atm abs is the same as that of an appropriate 02-He breathing mixture at about 2000 ft. The 
results reported in this paper pertain to the most complete of a series of experiments performed 
on four subjects. The data for the subject reported here correlate well with those for the other 
three subjects. 

This subject exercised at a work setting of 200 W, using a bicycle ergometer at surface pres­
sure and at 2,4, 6, and 7.8 atm abs. This work load is heavy, but submaximal. Oxygen consump­
tion (F02) is 2.8 to 3.0 L/min—heavier than that usually required in diving operations (4). 

Minute ventilations ( F E ) during this heavy work load are shown in Fig. 4. The subject's 
MVV curve is shown, and the bars represent his minute ventilations. There was no marked 
change in F E until the work was attempted at 7.8 atm abs, where MVV was less than the 
exercise ventilation required at shallower depths. His F E diminished from 60 L/min at 6 atm 
abs to 54 L/min at 7.8 atm abs—a fall of 10%. 

Figure 5 shows typical curves representing breath-by-breath CO2 measurements made with 
an infrared CO2 analyzer and recorded during the same exercise. There was a slight increase 
in end-tidal Fcoa (from 36 to 41 mmHg between 1 and 6 atm abs), and a dramatic rise to 
50 mmHg at 7.8 atm abs. The rise in Pco2 coupled with the decreased ventilation at 7.8 atm abs 
indicates that the subject could not ventilate beyond his maximum voluntary level. He then 
began to retain CO2 and after 4 min felt so tired and uncomfortable that he stopped work. At 
shallower depths he easily maintained 6-8 min of exercise, and at no time did he feel the need 
to stop. 

We conclude that heavy work could be done in an air atmosphere at depths greater than 225 
FSW (7.8 atm abs) if the diver could tolerate a high degree of CO2 retention, as some divers 
can. However, the risk of CO2 intoxication, particularly when there is a possibihty of inert 
gas narcosis or a high P02J could make very heavy work at great pressure extremely hazardous. 
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FIG. 5. End-tidal Pcoz records during 200-W exercise at various depths. 
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Although ventilation during heavy work did not change much with depth down to the MVV, 
the expiratory effort progressively increased until expiratory-flow limitation developed. At 
the point of MVV, the subject did not significantly increase his expiratory work. He seemed 
to limit himself to the minimum effort required to generate maximum flow. Our data so far 
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FIG. 6. Actual and predicted values of M V V with He-02 breathing mixtures, from the work of Lanphier (4) 
The curve labeled ''99% He-1% O2 (predicted)" is based on the air curve in Fig. 1. Air is 6.67 times as dense as 
the He-02 mixture. The assumption was therefore made that the MVV values obtained in an air atmosphere at 
various depths will be obtained at 6.67 times those depths if the breathing mixture is 99% He-1% O2. ( O ) Maio 
and Farhi (5); ( # ) Wood (12); (A) Wood (12); ( • ) Hamilton et al. (2). (By permission of publishers.) 
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suggest that subjects do not waste energy in attempting to maintain ventilation in the face 
of effort-independent flow. 

This same subject also exercised at a lighter load, namely, 100 W. This load required an 
O2 consumption of about 1.3 L/min, and is equivalent to such moderate exertion as swimming 
underwater at a rate of 20-30 yd/min or 0.8 knot (4). Minute ventilation was about the same 
at depth as it was at the surface. Expiratory flow never became effort-independent. End-tidal 
P c o 2 did not change. Although the subject's ventilation during heavy work in an air at­
mosphere became limited between 6 and 7 atm abs, it should be possible for a diver to main­
tain a moderate work load while breathing air at a pressure of 15 atm abs or more. 

Predictions can be made regarding the maximum ventilation of subjects who breathe gas 
mixtures of various densities relative to air. Figure 6, also taken from Lanphier (4), shows 
actual and predicted values for MVV with He-02 mixtures. 

From our data we conclude that our subject should be able to maintain heavy work to about 
45 atm abs (approximately 1500 ft) while breathing a 99% He-1% O2 mixture. Furthermore, 
he should be able to perform moderate work at much greater depths than those on the figure— 
i.e., at about 3500 ft or 100 atm abs. With optimal breathing apparatus, man perhaps may 
dive to such depths or even deeper. 
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S U B J E C T S B R E A T H I N G H E L I U M - O X Y G E N M I X T U R E S A T 
P R E S S U R E S F R O M S E A L E V E L T O 19.2 A T M O S P H E R E S 

M. E, Bradley, N. R. Anthonisen, J. Vorosmarti, and P, G. Linatveaver 

As yet there is Uttle information about those physiological changes that occur during sus­
tained heavy work at great diving depths. It is necessary to establish man's ability to per­
form hard useful work at extreme depths, and to seek evidence of changes that may represent 
physiological Hmitations. The purpose of this study was to evaluate the cardiopulmonary 
function of divers breathing He -02 mixtures from sea level to depths of 600 FSW during exer­
cise. 

Methods 

Four experienced divers in excellent physical condition participated in this study. The con­
ditions of physical activity studied were rest, moderate work (450 kg-M/min), and heavy 
work (900 kg-M/min). Each subject was studied predive and postdive while breathing a 30% 
O2 in He mixture. The measurements obtained at the 150, 300, 450, and 600 ft depths were 
made while the subjects breathed the chamber atmosphere. Composition of this atmosphere 
was 0.3 atm of O2 and 1.2 or less atm of N2, the remainder being He. Ambient CO2 levels were 
maintained at 2 mmHg or less. 

The subjects performed exercise by pedaUng a bicycle ergometer at a constant rate in time 
with a metronome. A low-resistance exercise valve and mouthpiece (Triple J) were used to 
administer the breathing mixture. Expired gas passed from the breathing valve through 
23 -̂in. smooth bore tubing to a caUbrated dry test gasometer and then to a 10-L mixing cham­
ber. At sea level while air was breathed, mean inspiratory resistance of the equipment was 
0.01 cm H20 /L /sec , and during expiration, 0.02 cm H20 /L / sec . Ventilatory volume and 
respiratory frequency were measured and recorded at 60-sec intervals. 

Mixed expired gas was continuously sampled from the mixing chamber, through the cham­
ber wall, and through infrared CO2 and paramagnetic O2 analyzers. The inspired chamber 
atmosphere was monitored by the same technique. ECG electrodes were attached to the 
subject's precordial region, and heart rate was continuously monitored. 

Resting state measurements were obtained during the last 5 minutes of a 20-minute rest 
325 
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period. After the resting measurements were made, the subject performed either the moderate 
or heavy work load. All exercise periods lasted 15 min. For the first 10 min of the work period, 
the subject was allowed to achieve a steady-state status, and measurements were made during 
the final 5 min of the work period. 

Results 

All of the subjects stated that the dyspnea and fatigue which occurred while they worked 
at 600 ft were no more severe than they were during exercise at sea level pressure. Pedahng 
the bicycle ergometer at the 450 and 600 ft depths aggravated the compression arthralgias 
of two subjects. Discomfort was minimal, however, and did not impair performance of the 
exercise. 

The results of this study are presented in Tables I, II, and III. A three-way analysis of 
variance was performed with the data to determine whether the variables of exercise and depth 
exerted statistically significant effects upon the parameters studied. Exercise significantly 
(P < 0.05) affected all the cardiopulmonary and metabohc functions that were either mea­
sured or calculated in this study. Those functions that were significantly (P < 0.05) affected 
by the increasing depth will be discussed separately. 

As depth increased, O2 consumption (Fig. 1) and CO2 production (Fig. 2) tended to rise 
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FIG. 1. Change with increasing depth in the O2 consumption of four divers during rest and exercise. ( ) 
Rest; ( ) 450 kg-M/min; ( ) 900 kg-M/min. 
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FIG. 2. Change with increasing depth in the CO2 production of four divers during rest and exercise. ( ) 
Rest; ( ) 450 kg-M/min; ( ) 900 kg-M/min. 

both during rest and exercise, but these increases were not statistically significant. Three 
subjects showed distinct increases in O2 consumption during heavy work at the 600 ft depth, 
while the remaining subject showed a small decrease under the same conditions. 

In this study, increasing pressure to a simulated depth of 600 FSW did not appear to in­
fluence the respiratory minute volume of subjects breathing He-02 (Fig. 3). One of the most 
striking findings of this study was the wide variation in the ventilatory response to exercise, 
both at sea level and at depth. One subject respired 35-40 L/min while exercising at 900 kg-M/ 
min from the surface to the 600 FSW depth. Under the same conditions, another subject 
breathed twice that volume. 

Respiratory frequency and tidal volume also varied considerably from one subject to the 
next. One subject^s resting respiratory frequency ranged from 2.5 to 4.5 breaths /min from sea 
level to 600 FSW. During exercise at the moderate work level, it increased only to 4-8 breaths / 
min. Another subject's frequency tended to be about 12 breaths/min at rest and 24 breaths/ 
min during moderate work. As depth increased, however, all of the subjects had progressively 
lower respiratory frequencies (Fig. 4) and progressively larger tidal volumes (Fig. 5). The 
largest change in respiratory frequency and tidal volume took place between sea level and 
150 FSW. These changes were statistically significant at the 5% probability level. 

The effect of the constant respiratory minute volume and alteration in the respiratory pat­
tern with increasing depth was a significant increase (P < 0.05) in the calculated alveolar 
ventilation (FA) (Fig. 6). This increase in FA did not completely correlate with the concur­
rently higher metabolic CO2 production. As a result, computed alveolar CO2 tension ( P A C 0 2 ) 
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FIG. 3. Pulmonary ventilation during rest and exercise from sea level to 600 F S W . 

appeared to rise very slightly as depth increased (Fig. 7). However, these slight increases 
in P A c o 2 were not statistically significant for any activity level. 

As depth increased, there was a progressive bradycardia both at rest and during work that 
was statistically significant (P < 0.05) (Fig. 8). This finding was not consistent for all of the 
subjects, as one (P.W.) maintained the same heart rate within each activity level from sea 
level to the 600 FSW depth. 

Discussion 

The progressively larger O2 consumptions and CO2 productions with increasing depth are 
most likely the result of the increased work of breathing a progressively more dense gas mix­
ture. In our study the O2 cost of breathing 30 L /min of a He -02 mixture 3.7 times as dense 
as air at sea level was about 2 ml/L-min. Glauser et al. (4) reported the O2 cost of breathing 
36 L /min of a gas mixture 4.1 times as dense as air to be 5 ml /L-min. 

Salzano et al. (17) measured the O2 consumption of exercising men who were breathing 100% 
O2 at 1 and 2 atm abs. The respiratory minute volumes of these subjects during work were 
about 35 L/min. At 2 atm abs their O2 consumptions were 272 cmVmin greater than they were 
at 1 atm abs. If increased work of breathing were solely responsible for this increase, the O2 
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FIG. 4. Effect of increasing depth on the respiratory frequency of four subjects during rest and exercise. 
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FIG. 5. Effect of increasing depth on the tidal volume of four subjects during rest and exercise. 
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FIG. 8 . Cardiac rate of subjects during rest and exercise from sea level to 6 0 0 F S W . 

cost of breathing a gas only twice as dense as air would be 8.2 cmVL-min. Salzano suggested 
that when high P 0 2 is breathed during exercise, there may be a shift in metaboUsm from 
anaerobic to aerobic pathways. Our results lend support to this contention. 

It is well recognized that within the diver population there exists wide variation in ventila­
tory response to exercise. That some divers hypoventilate and retain CO2 during exertion has 
been reported by Lanphier (12) and other investigators (5). Why the ventilatory response 
of these divers to exertion is inadequate, whereas the response of others is '^normal,'' is simply 
not clear at this time. 

Many divers have been shown to be markedly insensitive to hypercapnia and the acid prod­
ucts of metabolism as stimuli to respiration (11, 18). Some investigators consider that this 
insensitivity represents an adaptive response to the conditions of diving and is responsible 
for the hypoventilation and CO2 retention of divers during exercise (18). An imperfect corre­
lation has been made between the length of diving experience and the tendency to retain CO2 
during work (11). Our two subjects, who would be classified as ^Όθ2 retainers,'' actually had 
less diving experience than did the other two subjects whose ventilatory response to exertion 
was more appropriate. 

In divers whose ventilatory response to exercise is inadequate, breathing air at increasing 
depths markedly worsens the degree of hypoventilation and CO2 retention (12). In other, 
more normal, subjects, breathing air (9) and He -02 mixtures (6) at depth has been reported 
to produce lesser degrees of hypoventilation and CO2 retention. Inspired O2 tension, narcotic 
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depression of respiratory centers, and increased work of breathing are factors that have been 
suggested as being responsible for this phenomenon (9,12). 

In our study there was no clear-cut evidence that hypoventilation and CO2 retention were 
significantly greater at 600 FSW when a He -02 mixture was breathed than they were at sea 
level. In fact, both during rest and exercise, FA was noted to increase with depth. 

Elevations in inspired O2 tension have been shown to increase Vk in the resting subject 
(8), but to cause hypoventilation during exercise (10, 17). Since inspired O2 tension was kept 
constant in this study, the changes in FA observed cannot be explained on this basis. 

Previous studies have failed to demonstrate that increased PN2 induces narcotic depression 
of respiratory centers (7, 12). There is no evidence in our study that He at pressures up to 
19.2 atm exerts a depressant effect on the respiratory centers. 

Increased work of breathing has been shown to cause hypoventilation and CO2 retention 
(3, 19). Although the most obvious variable in our study was the progressive increase in gas 
density, we were unable to demonstrate this phenomenon. In fact, the increases in FA appear 
to offset the greater CO2 production at depth, thereby maintaining PAco2 at fairly constant 
levels. 

In our calculation of FA and PAco2, assumed values for the subject's respiratory dead 
space volume were used (2). This method has been shown to give lower and generally more 
accurate values for P A c o 2 during exercise than those obtained by end-tidal sampling (1). 
Whether this method is valid in subjects breathing dense gas mixtures has not been proven. 
Diffusion dead space (13) and alterations in the ventilation-perfusion ratio caused by dense 
gas breathing (15) may tend to increase physiological dead space. Alveolar ventilation would 
then be overestimated and PAco 2 values erroneously low. 

The increases in FA of our subjects were effected by progressive alterations in their breath­
ing patterns. A breathing pattern of lower respiratory frequencies and larger tidal volumes 
has been noted to occur at depth in numerous studies (8, 9, 16, 17). This pattern occurs both 
during rest and exercise, and during He-02, N2-O2, and 100% O2 breathing. This change in 
respiratory pattern appears to be primarily the result of breathing a dense gas. 

It is teleologically satisfying to think that the observed changes in respiratory pattern repre­
sent an adaptive mechanism to minimize the work of breathing. It can be predicted theoreti­
cally that when flow resistance and respiratory dead space volume are increased, the optimal 
respiratory frequency becomes lower in order to minimize the energy expenditure required for 
breathing (14). Cain and Otis (3) and Zechman et al. (19) have reported a decrease in the 
respiratory frequency of human subjects who breathed through imposed resistance. 

The largest changes in respiratory frequency and tidal volume in this study occurred be­
tween sea level and a pressure of 150 FSW. When the subjects breathed a 30% 02 -70% N2 
mixture at sea level, resting and exercise respiratory frequencies were only slightly lower 
than those obtained at sea level while they breathed a He -02 mixture. The density of the N 2 -
O2 mixture at sea level was about three-fourths that of the He -02 mixture at 150 FSW, and 
therefore the subjects were expected to have respiratory frequencies closer to those found 
at 150 FSW than to those at sea level. It is not apparent whether small increases in gas density 
or some other factor is responsible for the large change that occurs between the surface and 
the 150-ft depth. 

Bradycardia both during rest and exercise has been reported in subjects breathing air, a 
He-02 mixture, and 100% O2 at depth (6, 9, 16, 17). Elevated inspired O2 tensions accentuate 
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this phenomenon (17). Bradycardia at depth has been an inconstant finding among the sub­
jects in this and other studies. We have monitored divers' pulse rates every 4 hr during 10­
day, 450-FSW dives without finding evidence of slower heart rates at depth. Bradycardia at
depth does occur in some individuals and is apparently a pressure-related phenomenon. The
mechanism by which it occurs and its physiological significance remain unexplained.

Summary

The results of this study indicate that man breathing He-02 mixtures can perform heavy
work for sustained periods to depths of 600 FSW without undue physiological stress. Hypo­
ventilation and CO2 retention resulting from increased airway resistance were not demon­
strated. During performance of heavy work, there was a progressive increase in O2consump­
tion with the increase in depth, most likely reflecting the increased work of breathing. A res­
piratory pattern of increased tidal volume and decreased respiratory frequency was present
during both rest and exercise as depth was increased. This change probably represents an
adaptive mechanism to minimize the work of breathing dense gas mixtures.
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M E C H A N I C S O F B R E A T H I N G W I T H H E L I U M - O X Y G E N A N D 
N E O N - O X Y G E N M I X T U R E S I N D E E P S A T U R A T I O N D I V I N G 

N. R. Anthonisen, M. E, Bradley, J. Vorosmarti, and P. G. Linaweaver 

Breathing resistance at increased ambient pressure has been a subject of some concern (1, 
2). As gas becomes more dense, its flow resistance increases, thereby possibly limiting the depth 
at which divers can successfully work. An opportunity to extend earlier experimentation 
was afforded us by SeaLab III practice dives, which were performed at the U.S. Navy Experi­
mental Diving Unit in Washington, D. C. 

Materials and Methods 

Studies were made on four U.S. Navy divers who made a saturation dive in a dry chamber 
to a pressure of 825 FSW. Table I indicates the depth at which measurements were made 
(and on which day), the gas mixtures used, and their density relative to that of air. Control 
measurements were made at the surface before and after the dive; studies were conducted 
after compression to 825 FSW and during decompression at intervals of approximately 150 
FSW. Gas density was varied, not only by gas compression, but also by varying the inert gas 
in the inspired breathing mixture. At the surface He, N2, and SFe were used, and at depth 
He and Ne were used. By breathing Ne at 825 FSW, inspired gas densities were attained 
that were equal to 15 times that of room air, or to the appropriate 02-He mixture for use 
at 2500-3000 FSW. Inspired O2 tension was constant at 0.3 atm throughout all experiments. 

Ventilation and gas flow were measured with a wedge spirometer (frequency response = 
10 cps). A differential strain gauge measured the difference between mouth and pleural (esopha­
geal) pressures. The outputs of the gauge and spirometer were recorded on an oscillograph 
outside the chamber. Pleural pressure was measured with He-filled latex balloons 7 cm long 
with a circumference of 35 mm. The balloons were fitted over polyethylene catheters with 
an internal diameter of 1.3 mm; the balloon volume was 0.5 cm^ The balloons were positioned 
in the esophagus in the manner recommended by Mihc-Emih et al, (4). The correct balloon 
position was ascertained in each subject before the dive, and this position was kept constant 
during subsequent experiments. 

3 3 9 
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TABLE I 

PARTICULARS OF STUDIES DURING EXPOSURE TO PRESSURE EQUIVALENT TO 8 2 5 F S W 

(Compression Began on Day 1 ; Decompression Ended on Day 1 4 ) 

Depth Inspired Density 
Day ( F S W ) mixture*» (rel. to air) 

0 0 N2-O2 1 . 0 0 

He-02 0 . 4 3 

S F 6 - O 2 3 . 7 5 

4 8 2 5 He-02 4 . 2 5 

Ne-02 1 5 . 0 0 

5 7 5 0 He-02 3 . 9 0 

6 6 0 0 Ne-02 9 . 5 0 

He-02 3 . 2 0 

8 4 5 0 He-02 2 . 5 2 

1 0 3 0 0 He-02 1 . 8 3 

1 1 1 5 5 He-02 1 . 1 3 

Ne-02 3 . 2 1 

1 3 0 N2-O2 1 . 0 0 

He-02 0 . 4 3 

« P02 constant at 0 .3 atm abs. 

15 Γ 

1 0 0 5 0 

L u n g v o l u m e ( % V C ) 

FIG. 1. Flow-volume curves during VC expirations performed with maximal rapidity at relative densities to 
air of 0 . 4 (He breathed at 1 atm); of 4 (He breathed at 8 2 5 FSW); and of 1 5 (Ne breathed at 8 2 5 FSW). 
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The subjects remained seated while they were studied. If the inspired gas differed from the 
chamber gas, the subject washed the foreign gas into his lungs by means of five consecutive 
vital capacity (VC) maneuvers, inspiring the foreign gas and expiring to the chamber at­
mosphere. The subject then began to breathe from the wedge spirometer; measurements were 
made during normal tidal breathing, forced hyperventilation, and a series of forced expira­
tory VC maneuvers. Throughout this sequence the subjects rebreathed from the spirometer 
and, at the end of each sequence, gas was sampled from the mouthpiece. This gas was later 
analyzed by chromatography for accurate determination of density. 

Using the method of von Neergaard and Wirz (7), we measured lung resistance during tidal 
breathing, and inspiratory resistance during hyperventilation. From the forced VC data, 
flow-volume curves were constructed, as shown in Fig. 1. 

Results and Discussion 

In examining flow-volume curves, one must recall that during forced expiration, flow de­
pends on lung volume and is, at most lung volumes, independent of pleural pressure; at these 
volumes the pressure driving flow may be regarded as constant (3, 5). Because of this we have 
compared gas density to maximum expiratory air flow at fixed lung volumes. Representative 
results are shown in Fig. 2. At high lung volumes, expiratory flow and gas density showed a 
linear relationship when plotted on log-log coordinates, suggesting an exponential relationship 
between these variables. At low lung volumes (Fig. 2), there was more scatter in the data; 
and if an exponential relationship existed, the exponent would have been close to zero. 

Figure 3 plots the exponents (slopes of lines of Fig. 2) relating gas density to maximum ex­
piratory air flow against the lung volume at which the flows were observed. Above 40% VC, 
the exponent was relatively constant between —0.4 and —0.5; at lower lung volumes, it 
declined. These data may be interpreted according to the relationships between gas flow and 
density, which depend on the flow conditions. These conditions have been summarized as 

2 0 

L u g o C o n d a 

- -"̂ '̂̂  

1 1 1 

2 0 

1 0 

0 . 5 

0 . 4 1.0 4 . 0 1 0 . 0 2 0 . 0 0 . 4 1.0 4 . 0 10 .0 2 0 . 0 

G a s d e n s i t y ( r e l to air = 1 . 0 ) 

FIG. 2. Relationship between gas density and maximum expiratory air flow, at 90% ( # ) , 50% ( O ) , and 
15% ( X ) VC, in two subjects. 
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FIG. 3. Maximum expiratory gas flow-lung volume relationship in four subjects. Lung volume (% VC) 
refers to the volume at which a given flow-density relationship occurred. ( # ) Conda; ( Δ ) Lugo; ( X ) Risk; 
(O) Winters. 

follows (4): 

When flow is turbulent: 

J _ /ΔΡ0 57 J ) 2 . 7 L \ 

pO.43 y ¿0.57 ^0.14 J 

when flow is governed by forces related to convective acceleration: 

7 = -^^Ζ)^ΔΡ»·^) 

and when flow is laminar: 

APD* 

(1) 

(2) 

(3) 

In these equations, V is gas flow, ρ is gas density, μ is gas viscosity, D is the diameter of the 
airway considered, L is airway length, and AP is the pressure that drives the gas flow. 

During maximum expiratory effort at any fixed lung volume, airway geometry and driving 
pressure are constant. Although gas viscosity did vary somewhat in our experiments (Ne is 
a viscous gas), viscosity was relatively constant when compared to gas density. 

Thus, if flow were turbulent and /or governed by forces related to convective acceleration, 
the exponent relating flow to density should be between —0.4 and —0.5, which is what we 
found at lung volumes greater than 40% VC. At lower lung volumes the exponent approached 
zero, as would be expected if a greater proportion of flow became laminar or was less density-
dependent. Since flow decreases at low lung volumes, it is therefore more Hkely to be laminar. 
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T A B L E II 

EXPONENTS RELATING FLOW (AS CONDUCTANCE) TO GAS DENSITY 

Exponents 

Subjects GV2' F 5 0 ^ 

Risk - 0 . 3 0 - 0 . 4 3 - 0 . 4 0 - 0 . 4 1 

Lugo - 0 . 4 8 - 0 . 4 3 - 0 . 4 5 - 0 . 5 0 

Winters - 0 . 3 9 - 0 . 5 5 - 0 . 5 1 - 0 . 4 3 

Conda - 0 . 3 8 - 0 . 4 7 - 0 . 4 9 - 0 . 4 2 

Mean - 0 . 3 9 - 0 . 4 7 - 0 . 4 6 - 0 . 4 4 

« G V i = Conductance during tidal breathing. 
^ GV2 = Inspiratory conductance during hyperventilation. 
<^ Vrn = Peak flow, expiratory. 

Vbo = Maximum expiratory flow at 5 0 % VC. 

These results and interpretations agree with those of Schilder et al. (6), and are similar to 
those of Wood and Bryan (8). 

Lung conductance (the reciprocal of resistance) during tidal breathing, and inspiratory 
conductance during hyperventilation, also appeared to relate to density in exponential 
fashion (Fig. 4). Indeed, these exponents did not differ greatly from those observed at high 
lung volumes during forced expiration (see Table II). Before these data can be interpreted 
in the same way as the data derived from forced expiration, however, we must clarify the 
meaning of the term conductance. Conductance is the ratio of flow to driving pressure (ΔΡ). 
To interpret conductance as gas flow, therefore, it is first necessary to show that driving pres­
sure did not change with density whereas flow did. This was approximately the case in volun-

X . 0 
o 

¿ 0 4 
ω 

d 0 2 

I 1 0 
c 
o 

J 0 . 2 

0 . 4 

L u g o C o n d a 

4 . 0 1 0 . 0 0 . 4 1.0 4 . 0 1 0 . 0 

G a s d e n s i t y ( r e l t o a i r = 1 .0) 

1.0 

0 . 4 

0 2 

0 . 4 

0 . 2 

FIG. 4 . Relationship of conductance to gas density in two subjects; V i represents conductance during tidal 
breathing, and V2 represents inspiratory conductance during hyperventilation. 
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FIG. 5 . Components of inspiratory conductance during hyperventilation in two subjects. 

tary hyperventilation, as indicated by Fig. 5. Inspiratory driving pressure tended to be fixed, 
whereas inspiratory gas flow dechned with increasing density. Thus the exponents relating 
inspiratory conductance to density during hyperventilation may be interpreted as indicating 
that flow was turbulent during this maneuver. 

During normal tidal breathing, on the other hand, driving pressure increased while flow 
remained constant (Fig. 6), so that changes in conductance must have been due to changes in 
driving pressure. In a turbulent system at constant flow, the exponent relating density and 
driving pressure should be about twice as large as those shown in Table II. Air flow cannot 
therefore be regarded as turbulent during tidal breathing. However, since conductance was 
clearly density-dependent to some degree, neither can flow be regarded as entirely laminar. 
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FIG. 6 . Components of conductance during tidal breathing in two subjects. 
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During tidal breathing both laminar and turbulent flow are probably present to an impor­
tant extent. 

It should be noted that these interpretations are almost certainly oversimplifications. The 
pulmonary airway is an extremely complicated system that probably cannot be characterized 
as simply as we have done here. However, the relationships summarized in Table II were 
observed over a wide range of densities and have practical predictive value. 

Finally, airway resistance at 825 FSW during Ne breathing was on the order of 8 cm / 
L-sec. These were obviously not normal values, but neither are they the kind of values seen 
in patients with respiratory insufliciency. All our subjects were able to move 40-50 L/min at 
this extreme gas density. Insofar as their lung resistance is concerned, therefore, divers should 
be capable of performing some useful activity even at 2,000 FSW in an 02-He atmosphere. 
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D U R I N G R E S T A N D E X E R C I S E I N M E N S A T U R A T E D A T A 
S I M U L A T E D S E A W A T E R D E P T H O F 1000 F E E T 

J. Salzano, E. M. Overfield, D. C. Rausch, Η. Α. Saltzman, /. Α. Kylstra, J. S. Kelley, 
and J, K. Summitt 

A simulated dive to an equivalent depth of 1000 FSW (31.3 atm abs) in Duke University's 
hyperbaric chambers—a dive undertaken in collaboration with the U.S. Navy—provided 
the opportunity to investigate several intriguing questions. Can P02 and Pcoz in blood be 
measured at 1000 FSW with currently available laboratory equipment? How does breathing 
a He -02 atmosphere, which is 4.4 times as dense as air is at sea-level pressure, influence gas 
exchange in normal divers? Does breathing almost pure inert gas alter the difference between 
the mean partial pressures of oxygen in alveolar gas and arterial blood? Can moderately heavy 
exercise be performed at 1000 FSW? Finally, how does the physiologic response to exercise 
differ at this pressure from the response at sea level? 

Methods 

Physiological measurements were obtained from each of three healthy male volunteers 
during alternating periods of exercise and rest. Studies were performed on two or more oc­
casions at the surface, once when the subjects were saturated at a simulated seawater depth 
of 320 ft (10.7 atm abs), and once when they were saturated at a simulated depth of 1000 
FSW (31.3 atm abs), within a dry compression chamber. 

The atmosphere in the chamber was monitored continuously with equipment, located 
outside the chamber, that was sensitive to CO2 concentrations of 1.25 ppm and to O2 concen­
trations of 250 ppm. Except for the inspired Pco2> all analyses were performed inside the 
compression chamber at ambient pressure. 

The data were collected while each subject, seated on a Fleisch bicycle ergometer, breathed 
ambient gas through a low-resistance respiratory valve having a dead space of 160 ml. The 
work load of the ergometer was not affected by changes in the density of the gaseous en­
vironment. 

347 
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FIG. 1. Diagrammatic representation of experimental sequence used in this study. Continuous lines at the 
top of the figure indicate that the periods of alternating rest and work were uninterrupted. The time and 
duration of each measurement are indicated by the position and length of each line in relation to the timing 
sequence above. 

The experimental sequence is shown in Fig. 1. At 31.3 atm abs, the final period of work 
at 735 kpm/min (kilopond) was extended for 3 min without the respiratory valve to evaluate 
how the external resistance of the breathing assembly influenced the steady state pressure 
of CO2 in arterial blood (Pacoj) · 

Samples of arterial blood, mixed expired gas, and inspired gas were collected simultaneously 
at specific times, both under conditions of rest and exercise, according to the schedule shown 
in Fig. 1. Arterial blood was collected anaerobically in iced glass syringes. Expired gas was 
collected in Douglas bags, and volumes per unit time (7E ) were measured by use of a modi­
fied 120-L Tissot gasometer. Inspired gas was sampled from a site immediately upstream to 
the respiratory valve. The times of sample collection were the same at depth and at surface 
so that it could be determined if the interval required to reach a steady state during work 
and the rate of recovery from work were the same under both conditions. Heart rate (HR) 
and respiratory frequency (/) were recorded continuously during each experimental sequence 
on a polygraph positioned outside the chamber. 

Measurements of P02 and P c o 2 in the respired gas and arterial blood were made electro-
chemically with commercially available electrodes. The electrodes and three rotating flask-
type tonometers were all contained in the same water bath, which was maintained thermo­
statically at 37°C (verified with a hydrostatically pressure-calibrated mercury thermometer). 

Specially prepared gas mixtures, certified to be accurate within 5 ppm, were used for cali­
bration (42 ppm equals a partial pressure of 1 mmHg at 1000 FSW). The electrodes were 
calibrated with at least four different gas mixtures. Oxygen tensions in blood measured at 
depth were corrected by multiplication with the tonometer factor, also determined at depth. 
Body temperature was measured sublingually with a thermistor probe, which had been pre­
viously calibrated in the water bath at 37°C. 

Identical studies also were performed at a simulated depth of 320 FSW (10.7 atm abs) while 
the subjects breathed a gas consisting of 97% He and 3% O2. At this depth, however, the only 
vaUd measurements obtained were those of pulse and respiratory rate. 

In addition to the three subjects, a physician and a technician participated in the simulated 
dives. Each participant was assigned and trained to make specific measurements during the 
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T A B L E I 

M E A N VALUES" OF PULMONARY VENTILATION (VE), O2 CONSUMPTION (Voi) AND CO2 ELIMINATION 

(FC02) FOR THREE SUBJECTS AT REST AND DURING EXERCISE AT SEA LEVEL (1 ATM ABS) AND 

SATURATED AT A SIMULATED DEPTH OF 1000 F S W (3L3 ATM ABS) 

VE, (L/min, BTPS) V02 (ml/min, STPD) Fcoj (ml/min, STPD) 
Condition 

(kpm/min) 
Pressure 

(atm abs) No. Mean Range Mean Range Mean Range 

Rest 1 21 11.9 9 .1-16.4 336 286-404 300 253-393 
31.3 6 11.0 9 .2-13.1 381 293-469 310 227-387 

275 1 18 23.7 22.1-26.9 930 774-1036 828 744-967 
31.3 6 25.1 22.0-28.6 1109 1043-1228 928 826-1093 

582 1 18 41.7 34.7-47.6 1454 1293-1588 1499 1167-1677 
31.3 4 40.7 38.5-51.1 1791 1654-1950 1664 1535-1791 

735 1 16 53.4 47.1-72.1 1799 1552-2101 1870 1666-2107 
31.3 6 51.1 47 ,0-58.7 2177 1830-2244 1929 1720-2228 

« Mean values at rest were calculated from pooled data of the two measurement intervals of the initial rest 
period. Mean values during exercise were calculated from pooled data of the two measurement intervals 
of each work load (Fig. 1). Data were pooled because of their similarity. 

surface experiments, and to repeat the same measurements during the dives. The sequence 
and timing of these rehearsed experiments were supervised continuously by the investigators 
(who were outside the chamber) through visual and audio contacts with the men inside. De­
tailed physical examinations of the subjects, prior to and following the dive, including mea­
surements of respiratory function, revealed no abnormalities. 

T A B L E II 

M E A N VALUES" OF RESPIRATORY EXCHANGE RATIO AND M E A N ALVEOLAR-ARTERIAL O2 PRESSURE 

DIFFERENCE [(A-a)APo2] FOR THREE SUBJECTS AT REST AND DURING EXERCISE AT SEA LEVEL 

(1 ATM ABS) AND SATURATED AT A SIMULATED DEPTH OF 1000 FSW (31.3 ATM ABS) 

Condition Pressure 
(kpm/min) (atm abs) 

Respiratory exchange ratio 

No. Mean Range No. 

(A-a)APo, 
(mmHg), 

Mean Range 

Rest 1 21 0.88 0.80-0.98 9 16 4-21 
31.3 6 0.81 0.78-0.89 5 31 26-37 

275 1 18 0.88 0.76-1.00 4 19 10-28 
31.3 6 0.83 0.79-1.00 3 11 3-24 

582 1 18 1.03 0.81-1.20 3 20 17-24 
31.3 6 0.89 0.80-1.00 2 24 23-25 

735 1 16 1.04 0.87-1.16 3 19 13-28 
31.3 6 0.96 0.90-1.05 3 25 12-35 

« Mean values were calculated as explained in footnote to Table I. 
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FIG. 2. Arterial Pcoz and P02 values during rest and work at normal and elevated ambient pressure. Each 
point represents a single value. The broken line indicates that the second work load value for subject FF at 
31.3 atm abs is missing. In subject MC, the Pacoa rose from a resting level of 41 mmHg to a maximal value of 
51 mmHg at a work load of 735 kpm/min at 31.3 atm abs, but decreased to 47 mmHg while he continued the 
exercise but no longer breathed through the respiratory assembly. For subject SS, under similar conditions, the 
values for Paco2 were 40, 49, and 45 mmHg, respectively. The Pacoj did not increase significantly from a 
resting value of 32 mmHg under similar conditions in subject FF. 
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FIG. 3. Oxygen consumption (702) at various work loads at sea level and elevated ambient pressure. Each 
point is the mean value from three subjects. Means were calculated as explained in footnote to Table I. 
( # ) 1 atm; (O) 31.3 atm. 
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T A B L E III 

M E A N VALUES" OF RESPIRATORY RATE AND HEART RATE FOR THREE SUBJECTS AT REST AND 

DURING EXERCISE AT SEA LEVEL (1 ATM ABS), AND SATURATED AT SIMULATED DEPTHS 

OF 3 2 0 F S W ( 1 0 . 7 ATM ABS) AND 1 0 0 0 F S W ( 3 1 . 3 ATM ABS) 

Condition 
(kpm/min) 

Respiratory rate 
(breaths/min) 

Pressure 
(atm abs) No. Mean Range 

Heart rate 
(beats/min) 

Mean Range 

Rest 1 2 1 1 4 . 4 1 2 , . 0 - 1 7 . 5 9 0 7 8 - 1 0 1 

1 0 . 7 6 1 5 . 0 1 3 , 0 - 1 6 . 3 8 5 6 7 - 9 4 

3 1 . 3 6 1 2 . 3 1 0 , . 0 - 1 4 . 0 7 9 6 9 - 8 9 

2 7 5 1 1 8 1 8 . 7 1 6 , . 0 - 2 1 . 0 1 0 8 9 8 - 1 1 8 

1 0 . 7 6 1 5 . 9 1 3 , . 0 - 2 1 . 3 9 7 8 0 - 1 0 4 

3 1 . 3 6 1 5 . 3 1 3 . 5 - 1 7 . 0 9 4 8 7 - 9 7 

5 8 2 1 1 8 2 4 . 4 1 5 , . 5 - 3 0 1 3 8 1 2 4 - 1 6 2 

1 0 . 7 6 2 0 . 6 1 5 , . 0 - 2 6 . 5 1 2 3 1 0 6 - 1 3 8 

3 1 . 3 6 1 7 . 8 1 5 . 0 - 2 0 , . 0 1 2 2 1 1 6 - 1 2 9 

7 3 5 1 1 6 2 7 . 3 2 2 . 0 - 3 0 . 0 1 5 8 1 3 6 - 1 7 2 

1 0 . 7 6 2 0 . 9 1 5 . 0 - 2 5 . 0 1 3 9 1 2 9 - 1 5 2 

3 1 . 3 6 2 2 . 9 1 7 . 0 - 3 0 . 0 1 4 4 1 2 6 - 1 6 0 

« Mean values were calculated as explained in footnote to Table I. 

Results 

At 31.3 atm abs the inspired O2 pressure ranged from 216 to 221 mmHg, and the inspired 
Pco2 was never more than 0.5 mmHg (21 ppm). There did not appear to be any consistent 
difference between pulmonary-gas-exchange values obtained during rest at surface pressure 
and those obtained at depth, except for the higher arterial P02 and larger alveolar-arterial 
P02 differences [(A-a) ΔΡ02] (Tables I, II; Fig. 2). (In one subject at 14.6 atm abs, the inspired 
O2 tension was virtually identical to what it had been at the surface when he breathed air, 
but the mean difference in alveolar-arterial O2 tension was still greater than it was at surface 
pressure.) 

In general, the patterns of responses to work at 31.3 atm abs resembled those of healthy 
individuals working at 1 atm abs pressure. In comparison with work performed at sea-level 
pressure, each work load at depth was performed with a greater V02 (Fig. 3; Table I), un­
changed or greater Vco2 (Table I), lower heart rate (Table III; Fig. 4), lower respiratory rate 
(Table III), larger tidal volume, lower ventilatory equivalent for O2 (VE/VOZ) (Fig. 5), and 
greater O2 pulse (F02/heart beat) (Fig. 4). Moderate arterial hypercapnia occurred in two 
subjects during exercise at depth (Fig. 2). 
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FIG. 4. Relationship of heart rate to O2 consumption (F02) at normal and elevated ambient pressure. Each 
point is the mean value from three subjects. Means were calculated as explained in footnote to Table I. Oxygen 
pulse can be computed from the 702/heart rate ratio. ( # ) 1 atm; ( O ) 31.3 atm. 
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FIG. 5. Relationship of pulmonary ventilation (FE) to O2 consumption (V02) at sea level and elevated 
ambient pressure. Each point is the mean value from three subjects. Means were calculated as explained in 
footnote to Table I. The O2 ventilatory equivalent can be computed from the F E / F O J ratio. ( # ) 1 atm; ( O ) 
31.3 atm. 
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Discussion 

Respiratory gas exchange at 1000 FSW while the subjects were at rest appeared in general 
to be normal except for a larger (A-a) ΔΡ02 difference. These findings confirm those of Hamil­
ton (10) who studied minute ventilation, O2 consumption, and end-tidal Pco2 in men at 660 
FSW. 

If ventilation and perfusion are not uniformly balanced, as is the case when humans stand 
erect (26), then breathing a gas mixture with a greater than normal inert gas fraction should 
result in an increased (A-a) ΔΡ02· The results of experiments by Lenfant (15) and Cole and 
Bishop (4, 5) have provided evidence that the lungs of normal men contain a small number 
of alveoli with extremely low ventilation-perfusion ratios. Thus a larger than normal inert 
gas fraction in the inspired gas might well result in an increased (A-a) ΔΡ02 in normal men 
(21). When 99.1% inert gas was breathed at 1000 FSW, the (A-a) ΔΡ02 was indeed greater 
than at surface pressure during air breathing. However, a variety of other factors may be in­
volved: (1) an increased PI02 could increase the (A-a) ΔΡ02 as a result of any true shunts; 
(2) increased gas density could impair diffusion in the airway; and (3) increased gas density 
might cause a redistribution of ventilation. To test these possibilities, we repeated the studies 
at 450 FSW, using one subject who breathed 98.6% inert gas with a density 2.08 times greater 
than air at sea level pressure. The PI02 was 148.5-150 mmHg, yet the (A-a) ΔΡ02 was still 
greater than it was at sea level. The second and third possibilities above cannot be ruled out, 
but it seems likely that the increased (A-a) ΔΡ02 was due at least in part to the greater inert 
gas fraction of the respired medium. 

The increased V02 for a given ergometric load at 31.3 atm abs (Fig. 3) can be attributed in 
large part, or entirely, to the increased work of breathing the denser gas (1, 17, 18). To pro­
vide a convenient, vahd estimate of the O2 cost of ventilation during moderate exercise at 
sea level pressure while air is breathed, a value of 2 ml O2/L VE has been selected (3, 16, 19, 
20). If the observed F02 increase at depth was due entirely to the greater effort necessary to 
ventilate a gas that is 4.4 times as dense as air at surface pressure, then the cost of breathing 
during exercise at 31.3 atm abs for two of the three subjects can be calculated to have been 
8 to 10 ml O2 / L F E . This estimated four- to fivefold increase in O2 cost of breathing is similar 
to that observed by Glauser et al. (7) when normal subjects were induced to hyperventilate 
with a 7% C02-73% SF6-20% O2 mixture. An 80% SF6-20% O2 mixture at 1 atm has a density 
equivalent to that of an He-02 mixture containing one-fifth of an atm of O2 at 30 atm. Although 
each work load required a greater O2 uptake at 31.3 atm abs (Fig. 3), there was no convincing 
evidence that work performance was limited by the O2 cost of breathing. 

The reduction of heart rate observed in this study at 10.7 atm abs indicates that the extent 
of bradycardia does not correlate in a linear manner with increases either in hydrostatic pres­
sure or in the inspired pressure of He (Table III). At the same time, the occurrence of brady­
cardia at 10.7 atm abs when the gas density is similar to that of air at sea level, and when 
there is no marked increase in PI02, rules out significant negative chronotropic contribu­
tions by these factors at greater depths unless other interactions take place. 

Previous reports have indicated that bradycardia occurs when man is exposed to a hyper­
baric environment. Hamilton (10) found that the heart rates of two subjects exercising at 
620 FSW in a He-02 environment were slower than they were at an equivalent V02 at the 
surface. Hesser et al. (11) showed that elevated PI02 was only partially responsible for rela-
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tive bradycardia during exercise while subjects breathed air at 4.5 atm abs. They found that 
increased N2 pressure and gas density were partially responsible as well. Other reports (6, 
23, 27) document the occurrence of bradycardia in man breathing 02at pressures of 1 atm abs 
or greater. In our study, the PI02 was below the level that would cause the observed brady­
cardia. Another possible explanation for this condition in a hyperbaric He environment is a 
cardiovascular response to peripheral vasoconstriction that must accompany the known 
decrease in skin temperature in the He environment (22) . From the available evidence, a 
valid single explanation for bradycardia at depth is lacking. 

The net result of the increased O2 pulse (that is, the volume of O2 transported per heart 
beat) at depth is that O2 transport to tissues is maintained despite a decrease in heart rate 
(Fig. 4 ) . Hesser et al. found that O2 pulse increased with a rise in PI02 to 1 atm abs, and that 
it increased still further with a rise in PN2 during exercise with air at 4.5 atm abs. Thus, the 
evidence from previous and present studies is that the increase of O2 pulse at depth may be a 
response to the same causative factors involved in bradycardia. 

Slower respiratory rates at depth (Table III) may represent a mechanism whereby the work 
required to overcome the increased nonelastic resistance to breathing the denser gas is less 
than it would be if the respiratory rates observed at the surface had been maintained. Hesser 
et al. have recently reported similar findings in subjects exercising at 4 .5 atm abs while breath­
ing air. They showed that the slower respiratory rates and larger tidal volumes under these 
conditions were related to the density of the respired gas. 

In the present study, minute ventilation ( 7 E ) in response to a given ergometric load was 
similar at the surface and at depth (Table I), but was less for a given V02 at depth (Fig. 5 ) . 
This reduction in the ventilatory equivalent for O2 (VE/VOZ) imphes a greater efficiency of 
O2 transfer from the atmosphere to the blood if all other conditions of gas exchange remain 
constant. In our study, however, the conditions were dissimilar in that the PI02 at the simu­
lated depth of 1000 FSW was higher, V02 was greater, and significant arterial hypercapnia 
occurred in two subjects during performance of the heaviest work load. 

Reductions in the ventilatory equivalent for O2 have been reported under a variety of con­
ditions in which the common factor was increased breathing resistance because of airway 
obstruction or increased gas density that led to a lower level of ventilation ( 8 , 9 , 1 1 , 25) . 

That relative alveolar hypoventilation did occur during exercise at depth in this study is 
indicated by the occurrence of hypercapnia in two subjects who exercised at the highest work 
load (Fig. 2) , but whose Paco2 in̂  the intervening rest periods returned to or toward baseline 
values. These findings cannot be explained by an elevated Pico2, for its valves did not exceed 
0.5 mmHg at 31.3 atm abs. 

Alveolar hypoventilation with concomitant elevations in Paco2 has been reported during 
exercise in hyperbaric conditions (10 -14) . This response has been shown to be related in part 
to an increased PI02 and in part to the increased resistance of breathing a denser gas. In the 
present investigation, however, the increase in PI02 was comparatively small and should not 
have influenced ventilation significantly (Table III). 

It has been suggested that alveolar hypoventilation in response to an increase in airway 
resistance is an adaptive reaction in man—i.e., hypercapnia is better tolerated than the in­
creased work of breathing required to maintain normal CO2 levels (2) . This response has 
been shown to be especially characteristic of divers (13, 14, 24) . It is of interest that the two 
subjects (MC and SS) who manifested hypercapnia during exercise at depth were (and are 
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currently) active divers, whereas the third subject, who maintained normal CO2 levels, had 
not worked as a diver in recent years. 

Breathing resistance in the present study was elevated by the increased density of the gas 
and the inherent resistance of the breathing assembly. At least part of the hypercapnia during 
exercise in subjects MC and SS can be attributed to the resistance of the breathing valve, 
since Paco2 fell in both subjects when they exercised at a 735 kpm/min work load without 
breathing through the respiratory assembly (Fig. 2). It is possible that any substantial increase 
in external breathing resistance may exceed the adaptive capabilities of man working at a 
relative density of 4.4. That this limitation may be serious is apparent when one compares 
the much greater resistance of underwater breathing valves with the low resistance of the 
breathing assembly used in the present physiological studies. 

The conclusions from this study are that work at a pressure equivalent to 1000 FSW is not 
detectably hmited. Gas exchange in divers breathing 99.1% He and 0.9% O2 during rest at 
31.3 atm abs is essentially normal. The slight increase in (A-a) APozat 1000 FSW, which was 
probably caused in part by the high fraction of inspired inert gas, is not of practical signifi­
cance in normal divers. Normal men can perform moderately heavy exercise, for brief periods 
at least, at increased environmental pressures simulating those found at depths in the sea 
of up to 1000 ft. The anticipated relationships among the uptake of O2 by the body, ergometric 
work, pulse, and ventilation prevailed at depth. The rate of recovery from exercise was similar 
to that at surface pressure. Impairment of the capacity to perform work could not be discerned 
by the physiological methods used, and there was no evidence indicating that the physiological 
limits of performance had been attained. 
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P U L M O N A R Y F U N C T I O N A N D R E S P I R A T O R Y G A S E X C H A N G E 
D U R I N G S A T U R A T I O N - E X C U R S I O N D I V I N G T O P R E S S U R E S 
E Q U I V A L E N T T O 1000 F E E T O F S E A W A T E R 

K. E. Schaefer, C. R. Carey, and J. H. Dougherty, Jr. 

Capacity to work under high pressure is mainly determined by the limitations of the res­
piratory system. Little is known about cardiopulmonary functions during prolonged exposure 
to great depth. To study lung functions and pulmonary gas exchange under high pressure, 
therefore, saturation-excursion dives to pressures equivalent to 800 and 1000 FSW were car­
ried out as a joint project among the International Underwater Contractors, Inc. (lUC), 
of College Point, N.Y., the Advanced Engineering Laboratories of Air Reduction Company 
(AIRCO) at Murray Hill, N.J. and the Submarine Medical Research Laboratory (SMRL), 
Groton, Conn. 

Material and Methods 

These decompression schedules were developed by Mr. Andre Galerne, President of lUC. 
In the saturation and excursion periods of these experiments, O2 tensions varied from 300 
to 450 mmHg. 

During decompression following the dives, the subjects breathed a special gas mixture (3.5 
atm N2,1.4 atm O2) and He through a respiratory mask for 10 min at every 100-ft level starting 
at 600 ft. During the last 50 ft of decompression, however, 100% O2 was inhaled by mask, 
alternating with 21% O2 in N2 every 20 min ( P 0 2 = 760-1912 mmHg). 

Our investigation involved two dives during which the subjects breathed primarily a He-
02 mixture with a small amount of N2 remaining from the air of the chamber prior to compres­
sion. The first was a saturation dive by two subjects to 600 FSW with excursions to 800 FSW. 
The rate of compression was 2 ft/min. The divers spent a total of 7 days under pressure. 

The second was a saturation dive, also made by two subjects, to 800 FSW. The compression 
rate was 3.5 ft/min. Subject DF made a 30-min excursion dive to 1050 FSW, and Subject 
CD, a 5-min excursion dive to 1112 FSW. Both divers later spent 2 ^ hr at 1000 ft. Their 
total time under pressure was 13 days. 

357 
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The hfe support system, developed by AIRCO (9), during both dives provided accurate 
environmental control. The ambient CO2 partial pressure was kept under 2 mmHg at all times 
during the dives. 

PULMONARY FUNCTION TESTS 

Lung volumes and flow rates were determined by the maximal inspiratory-expiratory veloc­
ity-volume technique through the use of a wedge spirometer, an oscilloscope, and an oscil­
loscope camera. 

PULMONARY GAS EXCHANGE 

Measurements of O2 consumption, CO2 excretion, and alveolar gas tension were made under 
resting conditions and at the end of 10 min of exercise (100-W work load). The divers, who 
were lying supine while the resting samples were taken, exhaled into a Douglas bag for 10 min. 
The samples of expired air, collected in evacuated steel cyhnders, were later analyzed by mass 
spectrometry at the Naval Research Laboratory (NRL) and at AIRCO. The volumes were 
measured by a dry gas meter immediately after the chamber test. Alveolar gas samples were 
exhaled into a rubber Haldane sample bag through a rubber tube of 1 m length and 2 in. in 
diameter. The last portion of the exhaled sample was collected in evacuated steel cyhnders. 

The divers exercised on a Fleisch bicycle ergometer while breathing ambient gas through 
a low-resistance Otis-McKerrow respiratory valve. During the last 2 min of exercise, exhaled 
gas was coUected in Douglas bags and alveolar samples were obtained in the same manner as 

C o m p r e s s i o n D e c o m p r e s s i o n 

GB M E F R (peak ) 

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 8 0 0 6 0 0 4 0 0 2 0 0 0 
1 D e p t h ( F S W ) 

1.0 2 . 2 2 .6 3 . 2 4 .1 4 . 8 4.1 3 . 2 2 . 6 2 . 2 1.0 
R e l a t i v e g a s d e n s i t y ( s u r f a c e a i r = 1 . 0 0 ) 

FIG. 1. Effect of pressure (equivalent F S W ) and density of ambient gas on maximal expiratory flow rate at 
three lung volumes during two chamber dives (two subjects each). Values marked by a circle were obtained 
after saturation at 600 and 800 F S W ; values marked by a square were obtained at surface after periods of 1 day 
and after 1 month following the dive. ( # ) 4 subjects; ( Δ ) 3 subjects; ( X ) 2 subjects. 
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they were under resting conditions. Samples of inspired gas were collected by opening evacu­
ated steel cylinders near the inspiratory inlet of the respiratory valve. 

In all instances, respiratory rate was recorded with a thermistor placed in the mouthpiece 
of the respiratory valve. Furthermore, EKG and EEG were recorded on a polygraph located 
outside the chamber while the divers rested and exercised. A skullcap prepared in cooperation 
with Dr. Proctor's group at the Henry Ford Hospital in Detroit, Mich., was used in obtaining 
the EEG's. 

Twenty-four-hour urine specimens were collected in polyethylene bottles. A cover of hquid 
sihcone (Dow Corning 200) (instead of toluene) was used to prevent CO2 from escaping from 
the urine into the chamber atmosphere. Ahquots were frozen until analyzed. Total urine CO2 
was determined by the manometric method of Van Slyke. Urine pH and titratable acidity 
were measured. Ammonia could not be determined because of insufficient quantity. A number 
of urine samples were analyzed immediately after collection at the Overlook Hospital, Summit, 
N.J., and the results agreed well with our own analyses performed later. 

Chnical examinations and lung X-rays revealed no abnormalities in the subjects prior to 
and following the dive. 

Results and Discussion 

The effects of pressure on peak expiratory flow rates are shown in Fig. 1. 
During the compression there was a regular decrease in maximum expiratory flow rate 

(MEFR) at vital capacity (VC). This observation agrees with earher flndings that demon­
strated the reduction in flow rates at increased pressures (3, 6, 19) as a consequence of the in­
creased airway resistance (3). However, a 44% recovery in MEFR was observed during the 
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I 
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C o m p r e s s i o n 

M IFR 

D e c o m p r e s s i o n 

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 8 0 0 6 0 0 4 0 0 2 0 0 0 
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2 . 2 2 . 6 3 . 2 4 .1 4 . 8 4.1 3 . 2 2 . 6 2 .2 l O 

R e l a t i v e g a s d e n s i t y ( s u r f a c e a i r = I . O O ) 

FIG. 2. Effect of pressure (equivalent FSW) and density of ambient gas on maximal inspiratory flow rate 
during two chamber dives (two subjects each). See Fig. 1 for explanation of symbols. 
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T A B L E I 

Saturation period 

Measurement Ohr 1 2 - 1 4 hr 3 5 - 3 6 hr 

V C (L/BTPS) Mean 4 . 7 7 4 . 8 8 5 . 0 8 
S.E.M. ± . 4 8 ± . 4 5 ± . 3 6 

% change 0 + 2 . 3 + 6 . 4 

M E F R (L/sec) Mean 5 . 7 1 7 . 1 8 8 . 2 1 

S.E.M. ± . 2 0 ± . 5 6 ± . 6 9 

% change 0 + 2 6 . + 4 4 . 

MIFR(L/sec) Mean 4 . 8 3 4 . 9 4 5 . 8 8 
S.E.M. ± . 5 0 ± . 3 7 ± . 4 1 

% change 0 + 7 . + 2 3 . 

saturation periods at 600 and 800 FSW. The MEFR at 50% VC showed a similar response. 
The average increase in maximum inspiratory flow rates (MIFR) was 23% during the satura­
tion period (see Fig. 2). This astonishing recovery of inspiratory and expiratory flow rates 
during the saturation period increased with time. The values obtained after 35-36 hr of satura­
tion were larger than those obtained after 12-14 hr. 

It might be argued that the improvement in the flow rates could be attributed to the effects 
of training during the dive. We discount this argument, however, since our divers were well 
trained prior to these experiments, and the average increase (44%) in their MEFR during 
the saturation period far exceeded the effects of training. 

We also took into account the role of circadian cycles of lung functions. We observed an 
average daily MEFR variation of up to 10.0 ± 4%, and in MIFR, of up to 20 zb 10% (25). 
Considering the times at which the MEFR and MIFR measurements were made—at the 
beginning, the 12th to 14th hour, and 35th to 36th hour of the saturation periods—one would 
expect the circadian cycle effect to be toward a decrease rather than an increase in the flow 
rates. The measurements showing the largest recovery values were made at the end of the 
35- to 36-hr saturation period, shortly after the four subjects awoke. This is ordinarily the 
time at which the lowest flow rates occur. 

The divers' VC decreased during compression from 400 FSW onward. A steady rise in VC 
was noted throughout the 36-hr saturation period in conjunction with the increase in MEFR 
and MIFR (Table I). This finding suggests that air had been trapped in the collapsed airway 
during the rapid compression and was slowly released with the opening of the airway during 
the saturation period. This explanation is supported by the differences observed between our 
results and those obtained in a similar saturation diving experiment to 825 FSW carried out 
at the Experimental Diving Unit (EDU), Washington, D . C , in which a much slower compres­
sion rate (0.66 ft /min) was used (2). 

In Fig. 3 the measurements of VC obtained in the EDU and our own experiments are com­
pared. There is a slight but consistent increase of about 6% in the EDU dive. Their postdive 
controls were somewhat higher than their predive surface controls were. In our experiment, 

CHANGE IN V C , M E F R , AND M I F R AFTER SATURATION PERIODS OF 1 2 TO 1 4 HR AND 

3 5 TO 3 6 HR AT 6 0 0 AND 8 0 0 F S W (FOUR SUBJECTS) 
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, , E D U e x p e r i m e n t 
c o m p r e s s i o n r a t e 0 . 6 6 f e e t / m m 

X X l U C - A I R C O - S M R L E x p e r i m e n t 
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D e p t h ( F S W ) 

FIG. 3. Effect of different compression rates on vital capacity at depth while subjects breathed He-02 
mixture. 

by contrast, VC was decreased from 200 FSW onward, and the initial postdive control values 
were lower than the predive surface controls were. 

Figure 4 illustrates the effects that two different compression schedules have on MEFR. 
The MEFR control values in our subjects were slightly greater (0.5 L/sec) than those of the 

• · E D U E x p e r i m e n t 
c o m p r e s s i o n r a t e 0 . 6 6 f e e t / m i n 

X X l U C - A I R C O - S M R L E x p e r i m e n t 
c o m p r e s s i o n r a t e 2 - 3 . 5 f e e t / m i n 

5 0 0 6 0 0 

D e p t h ( F S W ) 

FIG. 4. Effect of different rates of compression on maximum expiratory flow rates (MEFR) at depth while 
subjects breathed He-02 mixture. 



362 SCHAEFER, CAREY, AND DOUGHERTY, JR. 

EDU subjects; at 400 FSW the curves cross each other, and at 800 FSW, our subjects' MEFR 
rates were 1 L /sec lower. 

These findings suggest that fast and slow compression rates exert different effects on pul­
monary functions—differences that to our knowledge have not been reported on in the litera­
ture. The compression rate of about 2.0 to 3.5 ft/min (3.3 ft/min = 0.10 atm/min) used in 
our experiment produced a greater depression of MEFR at depths exceeding 400 FSW in a 
He -02 atmosphere than the compression rate of 0.66 ft /min (0.02 atm /min) used in the EDU 
experiment did. The larger decrease in MEFR was associated with a decrease in VC that did 
not occur with slower compression rates. It is therefore logical to assume that forced expiration 
under our experimental conditions—compression rate of 0.1 atm /min and a relative gas density 
of 2.6 (at 400 FSW)—can result in a '^dynamic cohapse'^ of some air passages. [This collapse 
may subsequently be maintained by surface forces, as Leith and Mead (18) reported to have 
occurred in the normal lung under certain circumstances.] The remarkable recovery of flow 
rates during the 35-hr saturation period and the concomitant increase in VC provide strong 
support for this conclusion, since they indicate that the airway slowly reopens during a satura­
tion period. 

The airway collapse theory has been discussed by Maio and Farhi (20) and A. DuBois (7) 
in their studies of the various effects of increased gas density on pulmonary functions. There 
is a higher pressure gradient between the alveolus and the bronchus during a high-velocity 
flow as air density increases. The pleural pressure exerted on the bronchus tends to collapse 
it, causing air to be trapped. Burger and Macklem (4) demonstrated that airway closure oc­
curred in some normal human subjects at low lung volumes during pure O2 breathing. These 
findings correspond to those of DuBois et al (8), who suggested that airway closure, causing 
air to be trapped, occurred during quiet O2 breathing in certain human subjects. In our ex­
periments, P02 ranged between 300 and 350 mmHg during compression. It is therefore likely 
that the increased O2 tension contributed to the airway collapse. However, it is possible to offer 
another explanation for the observed changes in respiratory flow rates during the compres­
sion and saturation periods. The marked decrease in heart rate during rest and exercise at 
depth indicates a strong vagotonic stimulation. It is conceivable that the decrease in VC and 
the low values of MEFR and MIFR at the end of the compression period are caused by a 
bronchoconstriction due to vagal stimulation, in addition to the effects of rapidly increasing 
gas density. During the saturation period at depth at which gas density remained constant, 
this bronchoconstrictor effect could subside with time, resulting in a recovery of VC and 
respiratory flow rates. 

Chouteau (5) underscored the significance of the rate of compression for the survival of 
animals in high pressure experiments. He exposed goats for several days to 81 atm abs (2624 
FSW). He used a compression rate identical to our own, 0.10 atm/min, but found it necessary 
to introduce equilibration periods of from 1.5 to 4 hr at different stages. His overall compres­
sion rate—0.02 atm/min corresponded to that used in the EDU experiment. Chouteau's 
reason for using stage compression was the better survival rate that he had observed among 
animals exposed to high pressure in this manner. 

During the decompression phase, our subjects had 10-min periods of breathing mixtures of 
increased PN2 and Ρθ2(Ρθ2 = 1000 mmHg), which could have produced some alterations in 
the ventilation-perfusion relationships in the lungs. To determine if such alterations occurred, 
radiographic scans of the lungs were performed by Dr. A. D. Crosett, Jr., of Overlook Hospital, 
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Resp. Pulse 
VE rate rate 

(L/min) (breaths/ Tidal (beats/ PAcoj Fco, Vo, 
Condition BTPS min) vol. (L) min) (mmHg) (L/min) (L/min) RQ 

Control, Mean 6.88 11.4 0.617 80.3 36.5 0.225 0.254 0.88 
predive S.E. 0.60 1.56 0.041 5 .0 1.03 0.015 0.011 0.04 

Compression Mean 8.27 11.1 0.788 64.8* 35.9 0.289 0.371 0.78 
at 800 FSW S.E. 0.62 1.3 0.132 3 .0 2.1 0.044 0.068 0.01 

Decompression Mean 9.26'' 9.8 0.961^ 60.3«' 32.9 0.225 0.285 0.79 
at 400 FSW S.E. 0.44 0.9 0.069 4 .5 1.8 0.098 0.074 0.03 

Surface, Mean 8.62 10.6 0.858 76.3 37.9 0.289 0.278 0.89 
postdive S.E. 1.02 1.7 0.167 5.1 2.6 0.042 0.028 0.02 

« By permission of the publishers. 
* Statistically significant difference from control, at the 5% level and better. 

Summit, N.J. The scans were made by injecting the divers with 290 MCÍ of ^̂ il labeled human 
serum albumin. They were made of the two subjects in the 800-FSW dive 3 hr after they left 
the pressure chamber and again 1 week later. Scans were made of the two subjects in the 1000-
FSW exposure before and after their dive. 

In all instances, there was a slight increase in peripheral perfusion of the lungs immediately 
after the dive. These findings are in keeping with our own observations that VC decreased 
significantly throughout the decompression phase and was still below control values when the 
subjects reached surface pressure. Vital capacity returned to normal values during the re­
covery period following the dive. 

PULMONARY GAS EXCHANGE 

Data on respiratory minute volume (BTPS), respiratory rate, tidal volume, pulse rate, 
PAco2, CO2 excretion, O2 consumption, and respiratory exchange ratio obtained on all four 
subjects at 800 FSW and during decompression at 400 FSW are presented, together with pre­
dive and postdive surface values, in Table II. Respiratory minute volume increased under 
pressure based on an increase in tidal volume. There was a pronounced fall in pulse rate. 

The four subjects^ PAcoz varied considerably at depth. Each of the two divers participating 
in the saturation-excursion dive from 600 to 800 FSW exhibited one peak in PAco2, one at 
57 and the other at 64 mmHg (Fig. 5). Otherwise, PAcoa remained within the normal range. 
Although we took alveolar samples at more frequent intervals in the 1000-ft dive, we obtained 
no evidence of elevated PAco2 in the two subjects; to the contrary, the PAco2 tended to de­
crease both during rest and exercise. If taken at comparable periods at depths and lumped 
together, the data on the four subjects revealed no significant change in PAco2. Oxygen con­
sumption increased slightly more than CO2 excretion did at depth under resting conditions. 

T A B L E I I 

EFFECT OF EXPOSURE TO HIGH PRESSURE ON PULMONARY VENTILATION AND GAS 

EXCHANGE IN RESTING CONDITIONS (FOUR SUBJECTS) (24)« 
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FIG. 5. Diving profile, showing alveolar CO2 tension and urinary CO2 excretion of two subjects during 
saturation dive at 600 F S W with an excursion dive to 800 F S W (24). (By permission of the publishers.) 

The first two subjects, who showed higher PAco2 at depth, also exhibited larger CO2 excretion 
at depth than the other two subjects did. 

Table III shows similar data collected on two subjects during moderate exercise (100 W) 
Iveathing He -02 at depths of 800 FSW and 1000 FSW, as well as pre- and postdive control 
values breathing air. In addition, data were collected during moderate exercise nine months 
later, breathing air and a mixture of 60% 02 -40% N2. Respiratory minute volume was amaz­
ingly constant under all conditions, whereas tidal volume increased and respiratory rate 
declined under pressure. Breathing 60% 02 -40% N2 resulted in a very slight increase in tidal 
volume and small decreases in respiratory and pulse rates. Although the changes were in the 
same direction, their magnitude was much larger under pressure than when the subjects 
breathed 60% 02 -40% N2. The PAco2 did not change significantly, but tended to decrease 
as it did when the subjects rested. Excretion of CO2 decreased slightly when the subjects 
exercised, whereas O2 consumption increased, causing the respiratory exchange ratio to de­
crease. 

The change we observed in breathing patterns at great depth—an increase in tidal volume, 
and a decrease in respiratory frequency at rest and during exercise—is consistent with the 
findings of earlier investigators (12, 13, 21, 22). This change is probably caused by breathing 
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TABLE III 

EFFECT OF EXPOSURE TO H I G H PRESSURE ON PULMONARY VENTILATION AND GAS 

EXCHANGE DURING EXERCISE (100 W, Two SUBJECTS) (24)« 

Resp. Pulse 
VE rate rate 

(L/min) (breaths/ Tidal (beats/ PAco, 7co, Fo, 
Condition BTPS min) vol. (L) min) (mmHg) (L/min) (L/min) RQ 

Control Mean 33.6 23.4 1.407 135.6 35.7 1.205 1.306 0.93 
predive on air 

800 feet on Mean 30.05 19.2 1.567 101.8 34.4 1.085 1.406 0.77 
He-02 

1000 feet on Mean 30.3 17.5 1.720 94.8 33.2 1.030 1.446 0.78 
He-02 

Immediate Mean 33.6 22.7 1.476 115.8 33.5 1.078 1.272 0.85 
postdive 
on air 

9 months Mean 31.6 23.0 1.360 126.5 37.5 1.146 1.169 0.89 
postdive 
on air 

9 months Mean 31.6 21.8 1.470 124.6 36.8 1.093 1.250 0.87 
postdive on 
60% O2-
40% N2 

• By permission of the publishers. 

gases of high density, rather than by the increased P02 at depth. This conclusion is supported 
by comparing the changes occurring in tidal volume and respiratory frequency during exercise 
at 1000 FSW with an inspired P02 of 450 mmHg with the changes occurring under the same 
exercise load at 1 atm abs at a corresponding inspired P02 of 459 mmHg. At depth, tidal volume 
increased 23%; at sea level pressure, 8%. Respiratory frequency decreased 25 and 2.2%, 
respectively. 

The 100-W work load with a minute ventilation of 30 L imposed no ventilatory restrictions 
at 1000 FSW when He -02 was breathed. Consequently, there was no evidence of CO2 excre­
tion when environmental CO2 was below measurable concentrations (1-2 ppm)—observations 
that stand in contrast to our previous findings that PAco2 increases during prolonged expo­
sure to a He-02-N2 atmosphere, at 200-FSW pressure with an equivalent sea level CO2 con­
tent of 1.1% (23). The importance of maintaining adequate environmental control in high 
pressure experiments is obvious. 

The rather large individual variations both in PAco2 and CO2 excretion that we observed 
in our four subjects (all trained divers) under high pressure have also been reported by other 
investigators (2). However, the differences observed in the subjects of the first and second 
dives cannot be related to their training in diving, which has been previously shown to influence 
the alveolar ventilation in response to an increase in airway resistance (15-17,22). 

Since the minute ventilation showed no response to the 100-W work load at depth while the 
O2 consumption increased, the ventilation equivalent for O2 (VE/VOZ) decreased, suggesting 
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an improved O2 transfer at depth from the atmosphere to the blood. The elevated PI02 at depth 
could not have caused this decrease, since the ventilation equivalent did not change markedly 
when the same exercise was performed at a corresponding higher PI02 at 1 atm abs pressure. 
Similar reductions in the ventilatory equivalent of O2 under pressure have been reported by 
Hamilton (10). 

There was a pronounced reduction in heart rate whether the subjects rested or exercised 
under pressure—findings similar to those of Hamilton concerning a He-02 saturation dive 
to 620 FSW (10). Two conditions could have caused this bradycardia: (1) increased P02 
(300-450 mmHg), or (2) increased gas density. We were able to differentiate in our exercise 
tests between the effects of these conditions since we repeated the tests with the same work 
load at 1 atm abs pressure with a PI02 of 459 mmHg corresponding to 1000 FSW (450 mmHg). 
Increased P02 at 1 atm abs pressure caused a 1.5% fall in pulse rate, compared with a 30% 
fall at 1000 FSW. Hesser et al (11) likewise found that bradycardia during exercise at 4.5 
atm while the subjects breathed air was only partially related to increased PI02—that it was 
primarily the result of increased gas density. 

Bradycardia at depth caused the O2 pulse (ratio of O2 consumption /min: pulse rate) to in­
crease from a predive value of 9.6 to 15.3 during exercise at 1000 FSW. There is only a slight 
increase (from 9.2 to 10.0) during exercise at an elevated PI02 at 1 atm abs pressure. 

The increase in O2 pulse at depth, which helps to maintain O2 supply to the tissues at a 
lower heart rate, appears to be part of the regulatory process in persons having increased 
parasympathetic activity (e.g., well-trained athletes). Not only bradycardia at depth, but 
also the respiratory pattern of increased tidal volume and decreased frequency are quite likely 
the results of a vagal stimulation produced by exposure to high pressure. 

T A B L E I V 

EFFECT OF EXPOSURE TO HIGH PRESSURE ON URINARY ELECTROLYTE EXCRETION 

(FOUR SUBJECTS) (24)° 

Urine Titratable 
volume Urinary Total CO2 HCO3 Chloride acidity 

Condition (L/24 hr) pH (mEq/24 hr) (mEq/24 hr) (mEq/24 hr) (mEq/24 hr) 

Two-day Mean 0.930 6.480 1.18 1.08 278.0 37.8 
control S.E. 0.125 0.06 0.25 0.31 14.5 5 .2 
period on 
air prior to 
dive 

Three-day Mean 1.260 6.695* 3.54* 2.92* 223.5* 34.2 
saturation- S.E. 0.097 0.059 0.98 0.46 18.1 5.1 
excursion 
dives 

Five-day Mean 1.173 6.65* 4.71* 3.52* 241.6 30.2 
decom­ S.E. 0.090 0.03 0.98 0.77 17.0 3 .5 
pression 

By permission of the publishers. 
* Differences from controls statistically significant at the 5% level and better. 
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URINARY CO2 EXCRETION 

Urinary excretion data are shown in Table IV. Urinary volume tended to increase both 
during the saturation-excursion dives and the decompression periods. Urinary pH, CO2, and 
bicarbonate increased significantly during exposure to high pressure; titratable acidity changed 
little, and chloride excretion decreased. Unfortunately, ammonia excretion could not be de­
termined because of insufficient samples; no estimate of net H2 ion excretion could therefore 
be made. 

Daily changes in urinary CO2 excretion and PAco2 observed in the 800-FSW dive are shown 
in Fig. 5. The PAco2 of both divers remained within a normal range, with the exception of one 

- I — τ — I — I — r — I — i — I — I — Í — I — i — I — τ ­
ι 2 3 4 5 6 7 8 9 10 I I 12 13 14 15 

T i m e in d a y s 

FIG. 6. Diving profile, showing partial pressure of He and O2, alveolar CO2 tension, and urinary CO2 
excretion of two subjects during saturation-excursion dive to 1 0 0 0 F S W ( 3 0 . 3 atm abs) and recompression 
of divers (24). (By permission of the publishers.) 
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peak in each diver foUowing compression to 600 and 800 FSW. Urinary CO2 excretion rose 
only slightly in one diver, but greatly in the other. The latter developed pains in both knees 
and legs at 180 FSW during decompression. The pain was not relieved by a 2-hr recompres­
sion to 210 FSW during which O2 at 1.4 atm was breathed through a face mask for 30-min 
periods. Pain persisted for 2 weeks after the experiment. 

Similar urinary measurements were made during the second dive to 1000 FSW (Fig. 6). 
The PAco2 tended to decrease slightly both during the saturation-excursion dive and decom­
pression. Urinary CO2 excretion of both subjects was elevated throughout the exposure. One 
subject exhibited a high peak on the day that he suffered severe pain in both knees and legs 
at 50 FSW during decompression. Attempts to relieve the pain through recompression were 
unsuccessful, even when the pressure was raised to 527 FSW. At this point, recompression 
was halted, and the diver was given one Bufferin (buffered aspirin) tablet. After 3 hr of 
sleep, he was symptom-free. 

These two cases of bends-like symptoms developed, of course, during decompression, when 
at 10-min intervals the divers breathed O2 by mask at 1000 mmHg in N2. It appears, therefore, 
that symptoms consisting of muscle pain and vague stiffness that do not seem to respond to 
recompression are related to the combined effects of high pressure of He and increased P02, 
as reported by Bennett (1). 

Since the titratable acidity dechned rather than increased during saturation and decompres­
sion, it appears that renal compensation of an increased acid or CO2 load is not needed. This 
assumption is supported by the fact that alveolar CO2 tension remained normal. The hypothesis 
advanced by Kylstra et al. (14) that osmotic gradients are produced by dissolved gases therefore 
appears pertinent. If during rapid compression the partial pressure of inert gases in the blood 
exceeds the partial pressure in the poorly perfused tissues, osmotic gas gradients would cause 
water shifts from poorly perfused tissues to the blood and better perfused tissues. The extra­
cellular volume might thereby increase, causing the more profuse urinary excretion that we 
observed in our subjects during the saturation-excursion period. 

Since increased bicarbonate excretion is associated with decreased chloride excretion, it 
appears that the former acts to conserve chloride. This mechanism is a defense of the chloride 
component of the plasma under conditions of fluid volume shifts. The excessive amount of 
bicarbonate excreted during decompression by the divers whose muscle pains did not respond 
to recompression suggests that greater fluid shifts contributed to the development of their 
symptoms. 

Summary 

The reduction of maximal expiratory flow rate and maximal inspiratory flow rate produced 
by the rapid compression of four subjects to depths of 600 and 800 FSW at a rate of 2-3.5 
ft /min was found to be associated with decreased vital capacity. During the 35- to 36-hr satura­
tion periods at depth, MEFR rose 44%; MIFR and VC increased 23% and 6%, respectively. 
Airway collapse during rapid compression and airway reopening during the subsequent satura­
tion period are suggested as the most likely explanation of the observed changes. However, 
it is conceivable that phasic changes in vagal stimulation resulting in bronchoconstriction 
during compression and recovery of a more normal bronchial tone during the saturation period 
could have caused the observed decrease and subsequent increase in VC and respiratory flow 
rates. 
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In rest and exercise, PAco2 did not change significantly at depth, but showed considerable 
individual variations. Pulmonary gas exchange at rest remained within normal hmits at depths 
of 800 and 1000 FSW. Exercise performed by two subjects at a moderate work load (100 W) 
at 800 and 1000 FSW resulted in an increase of O2 consumption, whereas CO2 excretion tended 
to decrease. 

Tidal volume increased and respiratory rate decreased with increasing pressure in rest and 
exercise. A pronounced bradycardia was observed under both conditions, which we attributed 
primarily to the effect of inert gas pressure rather than to the effects of elevated P02. 

Urinary CO2 excretion was significantly elevated during the saturation-excursion and de­
compression periods. The two subjects who complained about muscle pains in the leg, which 
did not respond immediately to recompression, showed peak urinary CO2 excretion either at 
the time the symptoms occurred or during the following days. 
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PART VIH. RESPIRATORY LIMITATIONS OF HIGH AMBIENT PRESSURES* 

DISCUSSION 
C. J. Lambertsen, Chairman 

Chairman Lambertsen: I am going to invite discussion from the panel to see if we can arrive at a con­
sensus on progress from here on. Not too many years ago we had concern about what was called a ''sound 
barrier" in aviation and great worry generated out of thinking about what would happen to individuals if ever 
they flew faster than the speed of sound. We are not worried about that any longer. 

Over the past few years, though, there has been similar, largely psychological fear of crossing a 1000-ft 
diving depth barrier. The men who have crossed it are here. They seem to have put their concerns aside and 
now are glibly talking about moving on to depths of 2200, 2500, or 3000 FSW. We should not let them get 
away without expressing their reasons for new confidence. We will direct our attention not just to what they 
have done (which I think is extremely important) but to why they are so confident now that they are not 
going to be stopped by some of the mysterious troubles that have been hinted at in the past. 

We can call first upon Dr. Miller, who has used the approach which will continue to be an extremely 
important one—simulation of very deep diving by use of a denser gas to open the way to what is likely to 
happen when one goes on and on to greater and greater depths. Do you think there are any real diflficulties in 
the simulation procedure or should we extend its use? 

Dr. Miller: You ask a very difficult question. First, one can make predictions on the basis of gas density 
alone. Dr. Wood and Dr. Anthonisen showed that the pressure drop of breathing results mainly from turbulence 
or convective acceleration or both for maximum ventilatory flow situations. 

When we consider how much physical work a person may do at certain depths, we really are considering 
maximum ventilatory flow. We are considering the point where on expiration flow is getting very close to effort 
independence, and on inspiration we are concerned with the sort of situation where perhaps the work of in­
spiration is becoming almost more than the subject is prepared to endure. Consequently, there is a certain 
amount of validity in making such predictions down to a given depth—let's call it density—relative to an 
air depth. 

For estimating ventilatory limitations this is reasonable. For other types of limitations that one may well 
get into, such as the CNS effects that Dr. Brauer talks about, we are not really discussing that sort of thing. 
And our predictions are purely hypothetical. We do not wish to discourage ourselves or to confidently leap 
ahead into the future. 

Chairman Lambertsen: I hoped you would take that attitude because it is quite evident that there is 
not enough opportunity to conduct experiments at extreme pressures and there will not be improved oppor­
tunity for a long time. If we depend only upon doing work at 2000 or 3000 ft, and not using simulation, we 
will never be ready when the time comes. 

Dr. Wood: Several papers this morning dealt with the feasibility of performing various levels of exercise 
at simulated depths. I can add that the available data would seem to indicate that at a depth of 300 ft breathing 
air our subjects are encountering limiting effects at an exercise ventilation in the range of 45-60 L/min. There 
have been predictions made today that divers doing their usual kind of work at these depths can easily handle 
this, but in fact that is a light working ventilation and, in view of the very severe symptoms that occur when 
one gets over the plateau and starts to close airways (as we have seen today), this would be a bad situation 
to be in the water at 1000 ft and experience. So I would be cautious. The limits are clear at 10 atm, and we 

* Panelists: L. D. H. Wood, J. N. Miller, M. E. Bradley, N. R. Anthonisen, J. Salzano, K. E. Schaefer, J. 
Chouteau, E. H. Lanphier. 
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can extend this to simulated He depths. These limits are a direct function of the diver's maximum breathing 
capacity at ground level and can be predicted. 

Chairman Lambertsen: You would at least agree that we must continue the simulation efforts in order 
to explore the probabilities. 

Dr. Wood: That is certainly the easiest way to get the necessary information. 
Dr. Hamilton: Several years ago when we did a 600-ft He-02 saturation dive, we were surprised by the 

bradycardia which now everybody sees at exercise. Dr. Schaefer's experiment showed it very clearly, even at 
rest. We also found it at rest, but not everybody has, probably because standard conditions are not used for 
the resting measurements. 

Chairman Lambertsen: If I understand you, there have been changes at high pressure which indicate 
a decrease in certain functions relative to oxygen consumption. At increased O2 consumption there is a relatively 
slower pulse rate, for example. 

Dr. Salzano: We too did find some variability. The response was most pronounced in two of the subjects, 
who also happened to be the two divers. Also, we may be neglecting another factor, namely, thermoregulation; 
and I would like to at least start thinking about the possibility that this decrease in heart rate may be related 
to some sort of thermoregulation that is going on at the same time whereby blood is being shunted from the 
skin to the core. Finally, our subjects also had a pronounced decrease in respiratory rate; and in regulation of 
the respiratory and circulatory systems, respiration and pulse rate may be coupled in some common mechanism. 

What is more important, we are starting to examine factors that Dr. Lanphier mentioned at the last 
symposium, factors that by themselves do not exert physiological effect, but when the effects of three or four 
of these factors are pooled, we may then have some interaction and generate detectable physiological effects 
from the combination. 

Chairman Lambertsen: Whenever there are multiple correlations such as this, with decreases in respira­
tory rate and cardiac rate all correlating with change in one variable, O2 consumption, the first thing to do 
(and I'm sure it has been done) is to find out whether the O2 consumption measurements were caused to be 
systematically in error because of pressure-related gas measurement diflftculties or changes in characteristics of 
the ergometer used. Could you reassure us that these changes are not measurement artifacts which make every­
thing seem to be controlled at a different level at high pressure? 

Dr. Salzano: Of all the measurements I have the most confidence in the O2 consumption measurements. 
The measurements, I think, are valid and are what you would expect. An increased work of breathing with a 
gas density of 4 times that of air at sea level will increase overall O2 consumption unless we have some other 
factor which is simultaneously reducing it below what it was at sea level. Moreover, the beautiful interrelation­
ship we have between work rate and O2 consumption would indicate that if error exists it is acting in a peculiar 
way. 

Dr. D'Aoust: Does anyone know of work that has used the well-known bradycardia of breathhold diving 
response under hyperbaric conditions to try to understand this decrease in bradycardia that everybody sees? 

Dr. Lanphier: I have not been able to visualize in my own mind just how the two effects would be related. 
Dr. Smith: You asked about the limits of simulation of very dense atmospheres. There is one pertinent 

experiment, done by Dr. Eger, at San Francisco Medical Center, in which large mammals have been exposed to 
an extremely dense gas. Dogs were kept alive at 30 atm with carbon tetrafluoride. The dogs were apparently 
reasonably comfortable, though not very active. And this represents exactly 100 times greater density than 
air at 1 atm or equivalent to 20,000 ft of He with a reasonably large mammal. This would suggest (to answer 
the question raised by Dr. Lambertsen earlier) that experiments simulating high pulmonary work could show 
that one could go to quite considerable depths without at least producing fatal results in a mammal the size 
of a dog. 

Dr. Wood: We were talking earlier about simulation in terms of depth and now about simulation in terms 
of using another mammal. Leith and Mead have pointed out that the dog is peculiar inasmuch as its maximum 
pulmonary flow rate per kilogram is at least 10 times that of man per kilogram. This makes a great difference 
when considering maximum flow rates limited by airway compression. Therefore the estimates which Dr. 
Smith has just offered must be reduced accordingly in terms of ventilation per kilogram body weight. 

Chairman Lambertsen: The increase in maximum flow rate per unit of body size in going from man to 
dog would extend to smaller and smaller animals as well, would it not? 

Dr. Wood: The correlations of vital capacity to flow rate per body size do extend to animals of smaller 
size, but the dog is peculiar in this. It seems to be as a result of the very large size of his smaller airways. 
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Dr. Bryan: There is a pleasant measure of agreement in the facts here, but we are in trouble with our 
extrapolation from air diving to depth. I would like to ask you to back away from the figure of 2000 ft or more 
that you said we could attain without any serious difficulty even while working. 

Our data suggest that we are getting airway compression during exercise—in other words, ventilation is 
being limited—at 4 atm. Furthermore, the work of inspiration is very high at 4 atm and therefore CO2 buildup 
is high—not very high, but it is increasing at 4 atm. This would mean that on He we could start thinking of an 
equivalent situation at 800-900 ft, which is substantially short of the extrapolation you have made. 

This seems to fit data that Duke has produced because they found CO2 retention during work at 120 W, 
which really is not much. 

Therefore I think you are being optimistic as to how deep you can go and do useful work. I stress the 
point that Dr. Wood just made: when you get into airway compression during heavy exercise, the sensation of 
dyspnea is entirely different than normal breathlessness. This is a choking dyspnea and really rather frightening 
because it won't go away. Situations we encounter in a dry chamber are very different from the situation 
of a man diving in water and depending upon a mouthpiece. I therefore ask whether you really believe we will 
be able to do heavy work to depths in excess of 2000 ft. 

Dr. Miller: Let us consider heavy work first. I did not say we would expect heavy work to be possible 
down to depths in excess of 2000 ft. I extrapolated down to the equivalent He depth where we found expiratory 
flow limitation, and this was between 6 and 7 atm abs on N2-O2. The equivalent He depth, using a 99% He-
1% O2 mixture is between 1400 and 1500 ft. This is still a good deal short of 2000 ft. 

For moderate workload, of 100 W or 1.2 liters of O2 consumption per minute, we have not been able to demon­
strate any significant degree of expiratory flow limitation. We have not been able to demonstrate this work as 
becoming expiratory flow-limited on N2-O2 at any depth down to our maximum chamber pressure, which is 
7.8 atm. 

So far in these studies we have not yet encountered choking dyspnea. Dr. Lanphier a couple of years ago 
reported the problems that he ran into in pedaling himself to unconsciousness. So the implied warning in what 
you said is certainly something that we are very conscious of. 

Dr. Anthonisen: We also used the number 2000 ft as an estimate of attainable depth. Nobody will argue 
with the fact that if you breathe very dense gas you will not be able to breathe as hard as if you did not breathe 
dense gas. Therefore if we insist that a diver maintain ventilation constant at great depth with an O2 uptake 
of 3000 cmVmin, then we will produce physiological derangements in this individual. If we are willing to permit 
a lower O2 uptake, we will produce physiological derangements at a deeper depth, and so on. 

I think what we have said from our data is that, at gas densities equivalent to a depth of 2000 ft or more, 
normal subjects can move enough gas to increase their resting metabolism somewhat—to double it, or some­
thing like that. This is consonant with performance of some useful work. 

Dr. Saltzman: There are two findings from the Duke dives that I think bear on this very question. 
The first is that in one of the three exercising subjects a change in the respiratory pattern did occur during the 
last 5 min of maximal exercise, when his respiratory rate became higher and tidal volume smaller in contrast to 
the usual pattern. This was the same subject who exhibited the highest arterial Pco2 (51 mmHg) during exercise. 
He was not aware of choking dyspnea. The second point is that as part of the experiment the exercise was 
continued while not breathing through the low-resistance respiratory valve. The Pco2 dropped rather sig­
nificantly in both the individuals who exhibited hypercapnia on removing what we would ordinarily consider 
a very small external resistance. 

Chairman Lambertsen: We must put these many important comments into a perspective which relates 
to extending useful undersea activity. Man is useful in other ways than as a performer of maximal physical 
work. All of us do constructive work during the course of our own normal week and it does not involve our 
maximum physical output. Very few of us use more than about 600-800 cm^ 02/min when we are working 
hardest in laboratory or chamber experiments. Let us recognize that the diver has several functions when he 
is working under water. One is to do physical work, and the less this limits his other functions the better. If 
he can use his mind and his eye and his thumb, he will be using the main assets man has. These do not require 
a high pulmonary ventilation. 

We therefore should take seriously into account what Dr. Anthonisen was hinting at, namely, that the 
limits of practical depth depend upon how hard the diver must work. The limits are not going to be determined 
by maximal work excepting in one respect: The diver must be able to get out of an emergency situation. 

There is another important aspect, and that is that during chronic stress, such as sustained increase in 
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work of breathing or chronic exposure to moderately elevated CO2 tensions there will occur an accumulation 
of physiological adjustments which, at the most extreme depth, may lead to dyspnea, respiratory fatigue, or 
narcosis—even at rest and even in sleep. 

We therefore have the two extremes to consider. One is the man working at his hardest, and he will in 
fact be driven unconscious by his respiratory limitations as depth becomes great enough. So will he also have 
this happen at rest when the depth is extended enough for him to be driven to the same stage. Dr. Chouteau, 
what can we say about the limits of the resting individual? You have exposed goats to very high pressures. 
Can you describe what you think will be the depth limits for adequate pulmonary function in the nonexercising 
human? 

Dr. Chouteau: I do not know about man. It is difficult to compare the problem of respiration in animals 
and in man. We have not measured ventilatory disturbances in the goat. The only parameter we can observe 
in our system is respiratory frequency. I am sure that in the next series of experiments we will make ventilatory 
measurements, but until now we have only counted frequency and we have found no significant change, even 
in our animals exposed for 10 days to 70-80 atm. 

Dr. Linaweaver: One answer to your question. Dr. Lambertsen, might have been given to us rather subtly 
and I want to bring it out lest it get buried in the statistics. This was the Duke group's discovery of the dis­
parity between the alveolar and arterial O2 tension. Perhaps as we go deeper we may find that this disparity 
increases. 

In Dr. Chouteau's studies with goats he indicated that he had to increase the inspired P02 level in order 
to keep the animals from being hypoxic. Therefore gas density may not be our biggest problem; providing 
enough O2 may be. 

Dr. Lundgren: I have information concerning the dogs that Dr. Smith mentioned since these experiments 
were done in our chamber. The chamber pressure was actually close to 40 atm. The alveolar CO2 tensions 
varied between 60 and 90 mm of mercury even though the dogs appeared to be sufficiently ventilated. 

Dr. Craig: The panel this morning indicated that ventilation at increased ambient pressures is going to 
be limited by flow, and we have heard several speakers describe the interactions of ventilation and exercise. 
These studies are simulations of diving, but have we simulated the problem faced by the diver who is actually 
in water? Perhaps the work of breathing would be increased further by having the subject immersed in water, 
and I wonder if ventilation with the subject exposed to water plus high gas density might not be effort-limited, 
rather than flow-limited as it is when the subject is out of water. 

Chairman Lambertsen: I'm glad you raised the question of immersion. Dr. Craig, because there are 
fluid shifts in the immersed subject which tend to increase the pulmonary blood volume as well and might 
further exaggerate the ventilatory problem. 

Dr. Raymond: With regard to ventilatory limitation, we have taken X-ray motion pictures of humans 
at 1 atm to determine the difference in two t3φes of respiration: the assisted type of intermittent positive 
pressure breathing (IPPB) and the extrathoracic type of respiratory assistance. We noted that in the IPPB 
there is a decrease in the cardiac output, which perhaps may account for the decreased flow and the increase 
in CO2 retention. There is also a very definite change in the appearance of the heart, with compression of the 
arterial sides. Perhaps with the decrease in flow there may be a decrease in blood supply to the tissues and re­
sulting decrease in work effort. 

We found, on the other hand, by using the extrathoracic type of artificial respiration that there was an 
increase in cardiac output by as much as 15%. We could increase the tidal volume by four and a half times 
with the method, which appeared to be more physiological than IPPB. It might pay to investigate this as a 
means of assisting breathing while using dense gas media, decreasing the work effort on the part of the diver. 

Dr. Schaefer: We have not discussed enough the point raised concerning fluid shifts, the occurrence of 
which is indicated by increased urinary volume and composition. Together with other possible blood volume 
shifts related to pressure changes, these might affect the overall performance independent of effects on the 
respiratory system itself. 

Dr. Bradley: I also want to stress that there is a tremendous difference between a diver in the chamber 
and a diver in the water. There appears not to be any great change in people in chambers doing relatively 
hard work down to 1000 ft. Yet there is a difference in a diver 600 ft deep in water who is breathing with 
scuba equipment, whose flow resistance characteristics are poor, who is thermally unsupported and who does 
experience the choking dyspnea which Dr. Lanphier and other people have experienced. Man appears to be 
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relatively adaptable to the depths we have studied. However, the quaUty of the supportive equipment with 
which he breathes is far from what it should be. 

Chairman Lambertsen: To summarize this session, consider that we have been discussing step by step 
the kind of variables that have to be studied separately. As we proceed to study the ultimate limits of pulmo­
nary function, man will be able to do practical and useful physical work in water without encountering an 
important pulmonary load by simply limiting overall exertion. It also appears that he will be able to do intel­
lectually useful work as well because the He does not narcotize him to an important degree. 

These positive findings obtained by relatively pure experimental approaches, by simulation at sea level 
or by studies in chambers, are vital and very distinct from the question of equipment. It is also evident that 
it is possible to incapacitate the diver by poor equipment alone or by additive stress. We can easily make it 
impossible to do useful work. What we most require now is to demonstrate whether or not normal function 
is possible at great depths. We can then bring the general technical and equipment support up to the level of 
physiological capability. 



T H E E F F E C T S O F B R E A T H I N G A H I G H D E N S I T Y G A S U P O N 
C A R B O N D I O X I D E E L I M I N A T I O N 

Donald C. Parker and Eugene Nagel 

The problems encountered when humans breathe a dense gaseous medium are of great in­
terest to underwater physiologists, since these difficulties arise whenever man dives below the 
surface of the water and breathes air at a pressure greater than 1 atm abs. One of the problems 
concerns the role that gas density plays in inert gas narcosis. It has been postulated (2) that 
at high ambient pressures the increased work of breathing a dense gas produces hypercarbia, 
which, in turn, is responsible for the narcosis. While it is unlikely that CO2 retention is the 
primary cause of inert gas narcosis (1), its role in potentiating the narcosis cannot be over­
looked (4, 7). 

It has been demonstrated (3, 6, 9) that SFe possesses narcotic qualities similar to those of 
other inert gases. Since SFe is nearly five times as dense as air, the possibihty suggests itself 
that the narcotic action of SFe is caused, or at least aggravated, by CO2 retention. The present 
study was therefore undertaken to determine whether CO2 elimination is affected by breath­
ing SFe. 

Methods 

Six mongrel dogs were lightly anesthetized with intravenous pentobarbital. After orotracheal 
intubation of the animals with a saline-inñated cuffed Portex tube, each animaFs femoral 
artery was cannulated with a nylon cardiac catheter. Each dog was then placed in a 7 ft X 3 
ft steel hyperbaric chamber and allowed to breathe the desired gas mixtures spontaneously 
through a low-resistance demand regulator attached to the orotracheal tube that had been 
inserted. Duphcate samples of arterial blood were collected in sihconized, matched glass syr­
inges. Immediately after the samples were collected, the P a c o 2 was measured by means of a 
blood gas analyzer. 

When the Paco 2 of each animal breathing air at 1 atm abs had stabihzed, the inspired gas 
was switched to a mixture of 80% SFe and 20% O2. When 5-10 min had elapsed, the Pacoz 
was again determined and the breathing mixture switched back to air. After this sequence 
had been'repeated two or three times, the chamber was slowly pressurized with air to 3.5 
atm abs, and P a c o 2 determinations were made while the animals breathed first air and then 
the SF6-O2 mixture, through the use of the same techniques described above. 
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T A B L E I 

E F F E C T S O N A R T E R I A L FCO« O F B R E A T H I N G A I R A N D SF6-O2 A T 1 A T M A B S 

Duration gas breathed Arterial Pcoa 
Dog Inspired gas (min) (mmHg) 

1 Air — 43.0 
SFe-02 5 45.5 
Air 8 47.0 
SFe-02 6 45.5 

2 Air — 39.5 
SFe-Oi 5 40.5 
Air 5 41.0 
SFe-02 4 40.5 

3 Air — 47.5 
SFe-02 6 47.0 
Air 6 47.0 
SFe-02 5 53.5 
Air 9 53.0 

4 Air — 45.0 
SFe-02 8 43.0 
Air 5 44.0 
SFe-02 5 42.0 

5 Air — 46.0 
SFe-02 5 43.0 
Air 6 45.5 

6 Air — 41.0 
SFe-02 6 39.5 
Air 6 40.0 
SFe-02 5 39.5 
Air 6 38.5 

X 
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F I G . 1. Changes in Pacoj in dogs breathing air ( X ) and a SFe-02 mixture ( # ) at 1 and 3.5 atm abs. 
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T A B L E II 

E F F E C T S O N A R T E R I A L PCOZ O F B R E A T H I N G A I R A N D SFe-02 A T 3.5 A T M A B S 

Duration gas breathed Arterial Pcoz 
Dog Inspired gas (min) (mmHg) 

1 Air 47,0 
SF6-O2 5 51.0 
Air 7 51.5 
SF6-O2 6 53.0 
Air 13 48.0 
SFe-02 5 56.0 

2 Air — 45.5 
SF6-O2 7 50.0 
Air 6 48 .5 
SFe-02 6 56.0 
Air 4 50.0 
SFe-02 5 57.0 
Air 5 47.5 
SFe-02 5 52.5 

3 Air — 50.5 
SFe-02 5 61.0 
Air 5 54.5 
SF6-O2 4 62.0 

4 Air — 41.0 
SFe-02 5 50.0 
Air 7 42.0 
SFe-02 5 51.0 
Air 5 48.0 

5 Air — 45.5 
Air 7 46.0 
SFe-02 4 56.0 
SFe-02 9 60.0 
Air 6 49.5 

6 Air — 37.0 
Air 5 40.0 
SF6-O2 5 45.0 
SFe-02 9 51.5 
Air 5 45.0 
Air 5 42.5 

Results 

The Paco2 values for dogs breathing air and SF6-O2 at 1 atm abs and at 3.5 atm abs are 
hsted in Tables I and II, respectively. At 1 atm abs no significant differences in the arterial 
Pcoz levels were observed when the SF6-O2 mixture was breathed instead of air (Table III; 
Figs, l and2) . 

When the SF6-O2 mixture was breathed at 3.5 atm abs, there was a mean rise of 7.8 mmHg 
in the Paco2- The difference between Paco2 values during air breathing and during SFg-Oj 
breathing at this pressure is highly significant (P = < 0.01). 
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T A B L E I I I 

Pressure Mean Paco2 Standard deviation 
Inspired gas (atm abs) No. subjects (mmHg) (mmHg) 

Air 1 . 0 1 4 4 4 . 1 ± 4 . 0 

SF6-O2 1 . 0 1 1 4 3 . 6 ± 4 . 2 

Air 3 . 5 1 9 4 6 . 3 ± 4 . 3 

SF6-O2 3 . 5 1 5 5 4 . 1 « ± 4 . 7 

° Significant difference from air breathing control at same ambient pressure. 

During these experiments no consistent changes in ventilatory frequency were noted, nor 
was there a significant difference between the Paco2 levels measured during air breathing at 
1 and 3.5 atm abs. 

Discussion 

At 1 atm abs, a mixture of 80% SF6 -20% O2 has a density approximately four times greater 
than that of air, and its kinematic viscosity is one-fifth that of air. Therefore, a subject breath­
ing this mixture at 1 atm abs would have a pulmonary airway resistance approximately equal 
to that experienced when air is breathed at 5 atm abs. That no CO2 retention occurred when 
the animals breathed SF6-O2 at 1 atm abs is not surprising. 

X 
Ε 
Ε 

6 0 h 

50k 

4ομ 

1.0 3.5 
A t m a b s 

F I G . 2 . Mean Paco2 values and standard deviations in dogs breathing air ( # ) and a SF6-O2 mixture ( O ) at 1 
and 3 . 5 atm abs. 
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In another experiment, however, we did find that SFe exerts a narcotic effect even at 1 atm 
abs. Five volunteers, who thought that they were breathing O2 or air, were switched to a 
SF6-O2 breathing mixture. Each terminated the experiment within 3 min, complaining of 
light-headedness, numbness, and disorientation. Another five volunteers, all trained anes­
thesiologists, breathed a mixture of 75% SFe and 25% O2 for 5-10 min. In addition to experi­
encing the paresthesias and light-headedness noted by the previous group, the second group 
also detected some loss of proprioception and fight tactile sensation. These effects correlated 
with those experienced when each subject later breathed 25% N2O in O2. The senior author's 
personal experience is that breathing SFe causes a vague sensation of unpleasantness and a 
feefing of fullness in the head that are not experienced when N2O is breathed. These symptoms 
may be due to the high density of the SFe-02 mixture. It appears, therefore, that SFe breathed 
at partial pressures of 0.75 to 0.80 atm abs has a pronounced narcotic effect, but that CO2 
retention plays no part in the narcosis. 

There are at least three possible explanations for the mild hypercapnia observed in the 
dogs during SF6-O2 breathing at 3.5 atm abs. Since the kinematic viscosity of the mixture 
at this pressure is equivalent to that of air at 16.5 atm abs. Pac o 2 rise as a result of the 
hypoventilation caused by increased resistance to breathing. Furthermore, CO2 diffusion 
across the alveolar membrane may be impaired by the high density of SFe (8). Finally, the 
narcotic effect of SFe may be sufficient to alter the ventilatory response to CO2 and thus pro­
duce hypercarbia. 

Eger et al. (5) have recently found that the alveolar tension of SFe producing fight surgical 
anesthesia in dogs is 4.9 atm abs. This minimal alveolar concentration is 2.6 times greater 
than that required to produce light N2O anesthesia in the dog. Egerns findings agree with the 
results of our own earlier experimentation with volunteers—i.e., that SFe has about one-third 
the narcotic potency of N2O. Since SFe has a very low blood solubility, the alveolar concentra­
tion approaches the inspired concentration quite rapidly. Therefore the dogs breathing the 
SFe-02 mixture at 3.5 atm abs had an alveolar SFe tension of approximately 2.8 atm abs, or 
0.57 minimal alveolar concentration. It is doubtful that this concentration, even when com­
bined with fight pentobarbital anesthesia, would produce enough CNS and respiratory de­
pression to cause a rise of nearly 8 mmHg in the Paco2· 

Whatever its etiology, hypercarbia did occur in our animal subjects when SFe was breathed 
at high ambient pressures. Although CO2 retention most probably does not cause inert gas 
narcosis, it must still be considered a concomitant and aggravating factor as ambient pres­
sures rise. 
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R E S P I R A T O R Y G A S E X C H A N G E I N A N I M A L S D U R I N G 
E X P O S U R E Τ Ο E X T R E M E A M B I E N T P R E S S U R E S 

/. Chouteau 

The work of Workman et al (19) and of Barthélémy (2) on animals formed a sohd base for 
the first human experiments in saturation diving: Conshelf I and II (4), Man in the Sea (14), 
and SeaLab I and II (17, 18). Since all but one of these studies were limited to depths of 230 
FSW, we had to do a new series of animal experiments down to 656 FSW (1, 6, 7) in prepara­
tion for the Conshelf III dives. 

We have therefore tried to determine the limits in the use of 02-He breathing mixtures and, 
more recently, O2-H2 mixtures in deep saturation diving. The immediate goal of this work 
was to determine the safe operational depth for the submarine Argyronete, at present being 
prepared by the Centre dΈtudes Marines Avancées (CEMA) for use by the National Center 
for Ocean Exploitation (CNEXO) and the French Institute of Petroleum (IFP). This sub­
marine will be the carrier of an undersea habitat, designed by J. Y. Cousteau, that will be 
used for the future Conshelf IV experiments. 

Our investigations have revealed a new phenomenon, which might be identified as hypoxic 
difficulties that occur when subjects breathe normoxic mixtures under pressure. (By normoxic 
we mean a P 0 2 of 159 mmHg in the breathing mixture.) Aside from their imphcations in general 
physiology, the results of our experimentation can perhaps shed new hght on some problems 
encountered during recent years in human experiments in deep saturation diving. 

The present research was carried out in the main at CEMA and also at Croupe dΈtudes et 
de Recherches Sous Marine (GERS) and Commission dΈtudes Pratiques des Sous-Marins 
(CERTSM, French Navy, Toulon). 

Hypoxia Caused by Breathing Normoxic Gas Mixtures under Pressure 

In one experiment (code name, Ursula) j previously reported (6, 9, 10), we compressed four 
goats in a normoxic 02-He atmosphere (see Table I) . 

We pointed out that although the mixture was tolerated perfectly during a 5-day exposure 
at 1280 FSW (39.71 atm abs),* after 1600 FSW (49.8 atm abs) the animals showed behavioral 
disturbances and progressive paralysis. These disturbances disappeared completely and 

* As used in this paper, one atmosphere absolute is considered equal to one Bar ( = 750.2 mmHg). It is also 
approximately equal to a pressure exerted by 10 m of sea water. 
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T A B L E I 

Absolute Depth with 
density Density equivalent 

Depth Pressure Duration PIo, Plco2 (gm/L, relative density of air 
(FSW) (atm abs) (days) (mmHg) (mmHg) (mmHg) STPD) to air (FSW) 

1280 39.71 7 154 =±=29 22=t3.5 0.74 7.440 5.757 156 
1820 56.17 3« 191=b22 2 9 ± 3 . 5 0.74 10.741 8.312 240 

« Includes some time spent at 1600 FSW (49.8 atm ab 

quickly when the PI02 was raised to about 191 mmHg (0.25 atm), and reoccurred when PI02 
fell to 154 mmHg (0.20 atm). During the remainder of the exposure—two days at 1820 FSW 
(56.2 atm abs) with a PI02 of 194 mmHg (0.25 atm)—the animals displayed perfectly normal 
behavior. Clinical, biochemical, and anatomical examinations conducted on two of the ani­
mals killed shortly after the experimentation revealed no specific pathology, except the after­
effects of anoxic lesions at the pulmonary and muscular levels. 

We undertook a similar experiment using an O2-N2 normoxic mixture (8, 11) and saw iden­
tical phenomena at 320 FSW (10.67 atm abs). Raising PI02 to 250 mmHg (0.33 atm) resulted 
in a return to normal activity within 5 min. 

Using rabbits fitted with permanently implanted cortical electrodes, we have demonstrated 
in previous experiments (5) that EEG disturbances took place when the animals breathed 
normoxic 02-Ar, O2-N2, and 02-He mixtures under pressure. At the beginning, these dis­
turbances consisted of a replacement of the a rhythm with slow-wave θ rhythm (narcosis), 
followed by a flattening-out of the EEG (hypoxia). These phenomena appeared with Ar 
between 4 and 10 atm abs, with N2 between 11 and 20 atm abs, and with He beyond 50-
60 atm abs, and all proved reversible when the PI02 was raised. It seems, therefore, that when 
the specific mass of a normoxic mixture exceeds a certain value, hypoxic signs and symptoms 
appear. 

The hypoxic symptoms may be due to alveolar hypoventilation resulting from the increase 
in the specific mass of the inspired mixture, or to an increase in the coefficients of intrapul­
monary diffusion (15). In either case, hypercapnia should occur, the signs of which would not 
disappear with the late sUght increase in PI02; however, the animals never showed any hy-
perpnea. Furthermore, a fall in PI02 to around 110 mmHg (0.14 atm) in the 02-He experi­
ments at 1280 FSW (39.71 atm abs) did not cause any trouble. And in several anoxia experi­
ments at atmospheric pressure, it was necessary to use PI02 levels as low as 75 mmHg (0.10 
atm) to confirm the hypoxic nature of the signs and symptoms. 

Alternatively, the hypoxic signs and symptoms may have resulted from a cellular hypoxia 
of a histotoxic nature caused by increased inert gas partial pressure. Such a mechanism has 
been described by Bennett (3) as a possible mechanism of narcosis at the synapse. However, 

P H Y S I C A L P R O P E R T I E S O F B R E A T H I N G M I X T U R E S U S E D I N P R O J E C T UrsuL· 
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this cause cannot be the only one, because the slight change in PI02 associated with the re­
versibility of these phenomena cannot alter the tissue P02 to a significant degree. 

The most likely cause of the hypoxic signs and symptoms is a disturbance in the alveolar-
capillary exchange. There might be either a decrease in the pulmonary diffusion of O2 or an 
alveolar-capillary block altering the ventilation-perfusion ratio; or both conditions might 
occur simultaneously. 

Workman et al. (19) and Barthélémy (2) have observed similar paresis during their animal 
experiments at 193 FSW (6.8 atm abs) with O2-N2. In animals killed immediately after the 
experiments, they found pulmonary atelectasis and pneumonia, which appeared to be reversi­
ble changes since they were not evident in the animals killed later. Whatever the cause of 
these lesions, we can postulate that they might be at least partially responsible for the dis­
turbance of alveolar-capillary exchange discussed here. 

An Approach to Determining Limits in the Use of 
Oxygen-Helium Breathing Mixtures 

The facts and hypotheses mentioned above led us to consider the limit of the use of O2 
in breathing mixtures in a different light. Let us assume that if the PI02 of a gas mixture is 
limited during prolonged exposure diving by the phenomenon of chronic hyperoxia (2, 19), 
then the possible increase in PI02 would be limited to a value of 0.42 atm (hne 1 of Fig. 1). 
The assumption can also be made that if disturbances in O2 diffusion exist, they may increase 
the threshold of onset of chronic hyperoxic lesions, the evolution of PI02 taking place according 
to lines 2 or 3 of Fig. 1. 

0 8 I I 
Densi ty of b r e a t h e d mix tu re ( g m / L ) 

F I G . 1. Schematic representation of possibilities of raising PI02 of a respiratory mixture as a function of the 
specific gravity. 
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F I G . 2 . Installation for goats in the spherical high pressure chamber. Lock ( 1 ) used to introduce food into 
auxiliary manger ( 1 3 ) in case of malfunction of main device ( 1 1 ) . Main manger continuously supplied with 
granulated food by feeding box ( 4 ) . Silica gel ( 3 ) prevents moisture in food supply. Ventilator ( 2 ) , light ( 5 ) , 
salt block ( 6 ) , piece of wood ( 7 ) , water trough ( 8 ) ; floor grating ( 9 ) washed by rotating water jet nozzle ( 1 0 ) ; 
circular neoprene cone ( 1 2 ) collects excrement passing through 3-m. valve ( 1 5 ) to evacuating lock ( 1 6 ) ; high 
pressure water supply for 8 and 1 0 ( 1 4 ) . 

In order to verify these assumptions, we carried out in late 1968 an experiment involving 
progressive saturation dives, using three goats in improved experimental conditions (code 
name, Boucabloc) (13). The animals were compressed in a chamber that was more spacious 
than usual (diameter, 7.87 ft; volume, 247 ft^) at a maximum pressure of 151 atm abs (Figs. 
2,3,4) . 

Figure 5 shows the pressurization schedule used—the rate of ascent between decompression 
stops being 3.28 ft/min—and also the variation in ΡΙ02· Table II presents the mean values 
of physical constants in the atmosphere breathed at each stop. 

The following data were obtained: 
To 71 atm abs (2296 FSW), the animals tolerated the normoxic mixture 02~He (PI02 = 

0.22 atm) perfectly. 
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F I G . 5. Lower curve, dive profile of goats exposed to 02-He breathing mixture at 100 atm abs. The numbered 
vertical lines indicate the order and time of hypoxic crisis. Upper curve, PI02 evolution. 

At 71 atm abs (2296 FSW), after a 10-hr exposure, one animal (point 1, Fig. 5) developed 
such pathological signs as cessation of all activity and hindquarter paresis, with paroxysmal 
attempts to maintain posture and equihbrium through use of the forehmbs, followed by falhng 
and total paralysis. The animal finally lay on its side with its four legs and neck extended (see 
Fig. 6). 

When PI02 was raised to 0.28 atm, progressive return to normal activity occurred, which 
became total in 30 min, leaving no apparent aftereffects. 

A second crisis (point 2, Fig. 5) overcame another animal following an accidental lowering 
of PI02 to 0.27 atm, but the symptoms disappeared when PI02 was raised to 0.29 atm. 

At 81 atm abs (2624 FSW), Plog was maintained at 0.35 atm, and the 45-hr exposure was 
tolerated perfectly by the animals. 

At 91 atm abs (2952 FSW) at the same PI02, after 10 hr the third animal suffered an iden­
tical crisis (point 4, Fig. 5), which was reversed by raising PI02 to about 0.50 atm. The re­
mainder of this stay was perfectly tolerated. 

At 101 atm abs (3280 FSW), the animals were tired and we raised PI02 gradually to about 
0.65 atm. In spite of this, a crisis (point 5, Fig. 5) developed in the animal that had suffered 
one at 71 atm abs. A rapid rise in PI02 to 0.80 -0.90 atm did not cause the symptoms to remit, 
and the animal died. 
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T A B L E I I 

M E A N V A L U E S O F P H Y S I C A L C O N S T A N T S O F T H E A T M O S P H E R E B R E A T H E D A T E A C H P R E S S U R E 

L E V E L D U R I N G P R E S S U R E E X P O S U R E P R O F I L E D I N F I G . 5 

Absolute Depth with 
density Density equivalent 

Depth Pressure Pío. P I N , Pico. PICH4 (gm/L, relative density of air 
(FSW) (atm abs)" (atm) (atm) (atm) (atm)b STPD) to air (FSW) 

1312 41 0.218 0.042 0.004 0.012 7.647 5.914 161 
1640 51 0.217 0.055 0.005 0.024 9.454 7.312 207 
1968 61 0.217 0.061 0.005 0.022 11.240 8.693 253 
2296 71δ 0.220 0.066 0.005 0.026 13.037 10.082 295 
2296 71α 0.309 0.068 0.003 0.024 13.148 10.168 295 
2624 81 0.349 0.068 0.008 0.015 14.990 11.593 348 
2952 916 0.351 0.074 0.010 0.013 16.782 12.979 394 
2952 91σ 0.491 0.074 0.009 0.012 16.954 13.112 397 
3280 101 0.648 0.080 0.013 0.012 18.948 14.654 449 

° Figures with h and a are values before and after, respectively, the hypoxic crises were treated by raising 
the PI02. 

^ Methane is removed by forcing breathing mixture through a catalytic furnace heated to 300°C. 

F I G . 6. Typical evolution of hypoxic crisis in goat breathing normoxic mixture under pressure. (A) hind-
quarter paralysis and attempt to regulate posture equilibrium with the forelimbs; ( B ) animal falls, with 
hind leg extension; ( C ) flaccid paralysis, leg extended, no reactions; (D) beginning of recuperation; ( E ) animal 
lying down normally, awake, shortly after which it stands up and eats. 
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F I G . 7. Dive profile of 02-He long-duration exposure at 81 and 71 atm abs (PI02 = 0.39 atm abs). 

We tried decompressing the other two, but as one animal was obviously dying at about 66 
atm abs, we decided to sacrifice both animals in the chamber by increasing the CO2 content 
of their breathing mixture. 

Rapid postmortem decompression with the consequent gaseous distention of the animals 
did not permit vahd anatomicopathological examinations. 

This more precise experimentation, in which we allowed a longer time for hypoxic distur­
bances to develop, confirms the results of our previous work. The symptoms we observed in 
our earlier experiment, Ursula, appeared at 50.4 atm abs (1600 FSW), and in a less definitive 
form, whereas in the present experimentation they appeared at 71 atm abs (2296 FSW) after 
a longer and fairly constant delay (10 hr). 

The difference in results, in our thinking, is the better control of atmospheric humidity 
during the present experimentation. Humidity was maintained, on the average, at between 
50 and 80%, whereas during Ursula it was always 100%. A chance verification of the effect 
of humidity was made during one animal's stay at 71 atm abs, when it suffered a second attack 
of symptoms (point 3, Fig. 5) at a time when the humidity rose rapidly to 100% while the 
PI02 level remained unchanged. Simply replacing the silica gel in the chamber caused the 
humidity to lower quickly to 40%, which brought about total remission of symptoms without 
raising the PI02 level. One might conclude that a factor relating to high humidity has a bearing 
on the development of the lesions responsible for alveolar-capillary diffusion disturbances. 

In April 1969 we carried out another saturation exposure {Boucafond experiment) of long 
duration at 81 atm abs (2624 FSW), once more using goats. Three animals were compressed 
progressively at a constant PI02 of 0.39 atm (see Fig. 7). 

After remaining 47 hr at that pressure, one animal began a generahzed trembling, then 
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FIG. 8. EEG and E K G findings in a rabbit breathing O2-H2 mixture at 29 atm abs. 

lay down. It kept its head lifted, however, and stayed awake. This symptom is difficult to 
compare with hypoxic crises. The other two animals behaved normally. As planned, we de­
compressed the animals to 71 atm abs (2296 FSW) and kept them 148 hr at that pressure. 
The sick animal became normal after 13̂  hr. This stop was marked only by diarrhea caused 
by the animals^ difficulty in adjusting to their feed. 

The goats were then compressed once more to 81 atm abs, which they tolerated well in the 
beginning. After about 38 hr, however, the same animal began a generaUzed trembling anew, 
and we therefore decided to decompress to 71 atm abs once more. After 6 hr at this pressure, 
the animaPs condition did not improve despite our raising the P I 0 2 to 0.55 atm, and we there­
fore decided on final decompression. Furthermore, a technical difficulty prevented our using 
the sifica gel and charcoal regeneration tower. 

The sick animal died at 46 atm abs pressure, and the two survivors left the chamber after 
72 hr of exponential decompression. They were tired and thinner, but exhibited no evidence of 
physical or behavioral difficulties as a result of their pressure exposure. 

Cfinical and biological examination of the surviving goats revealed some difficulties of 
nutritional origin but no specific pathological changes. The autopsy on the dead animal in 
the chamber, and on one of the other two, which was destroyed the next day, revealed no fur­
ther evidence of gross pathology. At present, the third animal is afive and well. We are awaiting 
histological examination results. 

It is difficult to draw conclusions from such an experiment (which, in any event, we plan 
to repeat). The death of the animal is hard to explain; it was perhaps due to its feebler con­
stitution. Certainly the other two did not appear affected by their approximate 10-day stay 
at between 71 and 81 atm abs, or by the decompression that followed. On this basis, saturation 
exposures to depths between 1600 and 2300 FSW can be considered reasonable. 
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FIG. 9 . Evolution of EEG and EKG during exposure of a rabbit in O2-H2 atmosphere at 2 9 atm abs. 
(A) before compression; ( B , C, D , and E) after 2 , 4 , 6, and 8 hr, respectively, of exposure. Note the very clear 
diminution of EEG amplitude and the disappearance of all organized activity before the sixth hour, and the 
important terminal bradycardia. 

Preliminary Results of Tests to Determine Limits in the Use of Oxygen-Hydrogen 
Breathing Mixtures 

We shall report briefly on the results of a series of experiments that are being carried out 
at GERS in collaboration with Michaud, Pare, Barthélémy, Le Chuiton, Corriol, and Le 
Boucher (16). Tests involving rabbits in a succession of five individual exposures were con­
ducted in a heated chamber immersed for safety reasons. The animals, with permanently 
implanted electrodes, were compressed in an O2-H2 atmosphere to 29 atm abs (908 FSW) 
with an average PI02 of 0.43 atm. The results on one animal in this series are presented in 
Figs. 8 and 9. The general results on all the animals in the series are as follows: 

1. A progressive reduction in the amplitude of EEG potentials, leading to cortical electric 
silence in 7-12 hr. The flattening-out of the traces was broken by brief periods of revival that 
came farther and farther apart. 

2. A reduction in cardiac frequency that followed a time pattern similar to that of the EEG 
in the beginning. The EKG activity, however, survived 6-13 hr longer than the EEG did 
(35 hr in one animal). During this period the animals showed a progressive reduction in respira­
tory and motor activities (the latter having been stimulated by a vibrator in the chamber). 
The EKG silence was preceded by extrasystoles and ventricular fibrillation. 

Great prudence is obviously required in using an O2-H2 breathing mixture. Although these 
experiments appear, at first impression, to condemn its use for long-duration saturation dives, 
it does not follow that its use would be dangerous in short-duration '^excursion^' dives. It can 
perhaps be considered comparable to the example of hyperbaric oxygenation, which is in­
nocuous for short and intermittent exposures. 

100 μν Isec 
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Discussion 

We conclude from our animal experimentation that the limits for human saturation diving 
in which 02-He mixtures are breathed have not been reached. Perhaps depths of 1640-2300 
FSW are feasible, but much research remains to be done. We ourselves are planning to start 
a new series of experiments using goats with permanently implanted electrodes to record EEG, 
EKG, EMG, body and cutaneous temperatures, respiratory rhythm, and Pao2· Simple 
visual observation and recording of the total behavior of the animal subjects, even when con­
tinuously and carefully done, certainly provide insufficient evidence from which to draw vahd 
conclusions. 

Our present investigation demonstrated the importance of rigorous monitoring of the at­
mospheric parameters—e.g., PIco2> humidity, and misceUaneous pollution. The importance 
of the breathing mixturéis specific gravity caused us to maintain the N2 level systematically 
as low as possible. 

The discovery of hypoxic troubles during respiration of normoxic mixtures under pressure, 
and the role played by specific gravity at the hypoxic threshold, seem of special interest. In­
terpretation of these phenomena is not easy, but it is reasonable to think that the saturation 
of some structures by inert gases may result in the formation of O2 diffusion barriers. Concern­
ing the hypothesis of an alveolar-capillary block, we, together with Guillerm and Hee (12), 
have recently obtained experimental confirmation. We placed amperopolarographic electrodes 
in the aortic arch through the left carotid artery of anesthetized and heavily heparinized 
rabbits. The animals were then compressed to 21 atm abs in a small chamber in which PI02 
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F I G . 10. Mean values for experiments on 12 rabbits exposed to 20-21 atm abs while they breathed an 
O2-H2 normoxic mixture. PI02 recorded with Beckman O2 electrode; Paoi recorded with Rybak-type O2 
electrode in aorta. (The PI02 and Paoz fluctuation during the first minutes is due to an inhomogeneity of the 
gas mixture in the chamber.) 
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was maintained between 150 and 160 mmHg. The PI02, P^ozy and chamber pressure were 
recorded simultaneously (Fig. 10). 

After the PI02 was stabilized, a significant change in Paoa occurred: a fafi of 21.4 ± 3.9 
mmHg after 10 min (in 12 rabbits), and of 21.6 ± 5.7 mmHg after 20 min (in 10 rabbits). 
In five trials at 15 atm abs, no change was observed; a pressure threshold therefore appears 
to exist. In decompression, during which a normoxic PI02 was maintained, Pao2 returned to 
its original level measured at atmospheric pressure. The phenomenon thus proved to be com­
pletely reversible. 

The first data obtained from experiments being carried out with an 02 -Ar mixture seem to 
correlate with those from an 02-He mixture. But the results were obtained at a lower pressure, 
according to the ratio of the molecular weights of both inert gases. 

In fact, the fall of Pao2 is of insufficient ampfitude to explain afi the phenomena we ob­
served in our goat experimentation. But if we assume the existence of a change in alveolar-
capillary diffusion, it is logical to suppose that the same change can be found ampfified at the 
hematoencephalic barrier or at the cellular level. Nerve tissue hypoxia could therefore reach 
a high level, which would explain the behavioral and paralytic troubles in the goats. It remains 
to be proved that the hypoxia is really the result of a modification of the alveolar-capillary 
diffusion and not of a perturbation of the alveolar ventilation /perfusion ratio (7A /Q). 

Finally, concerning the O2-H2 mixture, it is too soon to consider it a safe breathing medium. 
One can advance the hypothesis that changes occur slowly at the respiratory chain level and 
in the redox process as a result of the high partial pressures of H2 that have been established. 
It is noteworthy that a slow perfusion with cyanide caused the same EEG and EKG changes 
in the rabbits that occurred when the animals breathed an 02~Η2 mixture under pressure, 
and in the same length of time (Corriol, work in progress). 
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R A T E O F A C C L I M A T I Z A T I O N T O C H R O N I C 
H Y P E R C A P N I A I N M A N 

/. M. Clark, R. D. Sinclair, and B. E. Welch 

The logistics of manned undersea and space exploration require that life-support systems 
be contained in sealed environments from which the CO2 produced by cellular metabolism 
must be continually removed. Partial or total failure of the C02-removal system will expose 
the inhabitants of the environment to increased Pco2. Because such a failure may occur at 
any time, the tolerance limits in normal man to acute and chronic hypercapnia must be de­
termined. 

It is well known that prolonged exposures to elevated Paco 2 generate a process of acclima­
tization that greatly increases tolerance to hypercapnia (1, 3, 9, 24, 26). This acclimatization 
includes reduction of the ventilatory response to hypercapnia (1, 6, 10, 20, 22) and partial 
or complete reversal of the initial increase in [H+] in body fluids (3, 5, 9, 23-26). Determining 
the rate of acclimatization is of particular importance, because CO2 accumulation in a sealed 
environment will probably be gradual and may therefore allow sufficient time for compensatory 
mechanisms to increase CO2 tolerance effectively. 

Previous Studies 

Previous studies providing data on the rate of acclimatization to chronic hypercapnia are 
summarized in Table I (6, 10, 20, 22-24). Although there are many indices of acclimatization 
to hypercapnia, ventilatory response to CO2 and maximal compensation of arterial pH were 
selected as the bases of comparison in the table. There is general agreement that the duration 
of exposure to chronic hypercapnia required to produce maximal compensation of arterial pH 
is about 3-5 days. The single reported exception of 23 days was based upon venous pH mea­
surements that probably did not reflect corresponding changes in the arterial blood. However, 
the duration of chronic hypercapnia observed to produce a significant reduction in the venti­
latory response to inspired CO2 ranged from 13 hr to 40 days. In the latter case, the venti­
latory response to CO2 was not specifically tested until after 40 days of exposure, and the 
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T A B L E I 

R A T E O F A C C L I M A T I Z A T I O N T O C H R O N I C H Y P E R C A P N I A 

Index of Acclimatization 

Significant reduction Maximal 
Ambient Pcoa in ventilatory compensation of 

(mmHg) Species response to CO2 arterial pH Source 

11 Man 40 days 23 days Schaefer, Hastings, Carey, 
(venous pH) & Nichols (22) 

18-21 Man 3 days — Habisch (10) 
21 Man 3 days 3 days Schaefer (20) 
21 Man 13 hr — Chapin, Otis, & Rahn (6) 
107 Guinea pig — 3 days Schaefer, McCabe, & 

Withers (23) 
50-121 Dog — 3-5 days Schwartz, Brackett, & 3-5 days 

Cohen (24) 

change may therefore have occurred before that time. With the exception of the study by 
Chapin et al. (6), httle attention has been given to the possibility that significant respiratory 
acclimatization may occur within the first 24 hr of exposure to hypercapnia. 

Recent Experimentation 

We conducted a series of experiments to study extensively the rate of respiratory acclima­
tization to chronic hypercapnia in normal man. Some of the data from three of these sets of 
experiments will be presented here. In the first experiment, four subjects were exposed to an 
ambient Pco2 of 30 mmHg for 11 days; in the second experiment, four different subjects were 
exposed to the same ambient Pco2 for 5 days; and the third experiment consisted of a 30-day 
exposure of four additional subjects to an ambient Pco2 of 21 mmHg. Each experiment was 
designed to obtain repeated measurements of ventilation and to obtain acid-base indices of 
arterial blood and lumbar cerebrospinal fiuid (CSF) during hypercapnia. 

EXPOSURE TO AN AMBIENT PC02 OF 30 MMHG FOR 11 DAYS 

Effects of the 11-day exposure to an ambient Pco2 of 30 mmHg on ventilation, Paco2> and 
CSF Pco2 are shown in Fig. 1. The exposure was preceded by a 5-day control period and fol­
lowed by a 5-day recovery period. Average ventilation tripled at the start of CO2 breathing 
and then decreased sUghtly after the first day, remaining essentially constant for the rest of 
the exposure. After an initial elevation of about 2 mmHg, the mean Paco2 increased by an 
additional 3 mmHg during the first day of hypercapnia and was not changed after 5 and 9 
days of exposure. Average valves of CSF Peo2 measured after 1 and 10 days of exposure were 
elevated in both instances by about 6 mmHg. During the recovery period, ventilation rapidly 
returned to normal, and Pacoa was normal when it was first measured after 3-4 days of re­
covery. 
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F I G . 1. Effect of an 11-day exposure to an ambient Pco? of 3 0 mmHg upon ventilation, Pacoi, and CSF Pcos 
in man. The exposure period was preceded by a 5-day control period and was followed by a 5-day recovery 
period. Ambient O2 concentration was maintained at about 1 9 - 2 1 % throughout the experiment. Ambient Pcot 
was less than 2 mmHg during control and recovery periods. The data, which represent the average results 
of four subjects, were obtained from unpublished observations of S. J. Menn, R. D. Sinclair, J. M. Clark, and 
B. E. Welch. 

EXPOSURE TO AN AMBIENT PCO2 OF 3 0 MMHG FOR 5 DAYS 

Because the results of the 11-day study indicated that respiratory acclimatization to hy­
percapnia was essentially complete after 1 day of exposure, a second experiment was de­
signed to study more carefully the first 2 4 hr of hypercapnia and the first 2 4 hr of recovery 
(Fig. 2 ) . This experiment involved a 5-day exposure to an ambient Pcoz of 3 0 mmHg, which 
was preceded by a 3-day control period and followed by 2 days of recovery. 

Complete data were obtained for three of the four subjects, and only these three were in­
cluded in the average results. Ventilation and Paco2 were measured simultaneously at 4-hour 
intervals during the first day of exposure and the first day of recovery. Average ventilation 
doubled at the start of CO2 exposure and then continued to increase slightly during the first 
day of exposure. It decreased during the second day, and remained essentially constant for 
the remainder of the exposure. 

Arterial Pco2 increased immediately by almost 4 mmHg, reaching its maximum elevation 
after 2 0 hr of exposure. It then decreased during the next 4 hr to a level about 5 mmHg above 
the control value, and was unchanged after 2 and 5 days of exposure. The sustained Paco« 
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elevation of 5 mmHg agreed closely with the results of the previous 11-day exposure. Changes 
in average CSF Pco2 appeared to parallel those in arterial blood; and CSF Pco2 was only 0.5 
mmHg less after 24 hr of hypercapnia than it was after 5 days of exposure. During the re­
covery period, ventilation returned promptly to normal. Arterial Pco2 decreased initially to 
2.5 mmHg above the control value, continued to decrease during the first 8 hr of recovery, 
increased after 16-20 hr of recovery, and finally returned to normal. After 2 days of recovery, 
CSF Peo2 was about 1 mmHg above the control value. 

Average pH and bicarbonate ([HCOj"]) data from the same experiment are summarized 
in Fig. 3. Arterial pH decreased immediately by 0.025 units, reached its lowest level after 20 
hr of exposure, and then increased progressively until it returned to normal by the fifth day 
of exposure. Average CSF pH was lowest after 8 hr of exposure, and then increased by the end 
of exposure to a level about 0.01 units below the control value. Both arterial and CSF [ H C O 7 ] 

increased progressively in parallel fashion to reach their maximum elevations by the fifth day 
of exposure. During the recovery period, all parameters returned to normal with the exception 
of CSF pH, which was lower than the control value after 2 days of recovery; concomitantly, 
CSF Pco2 was sHghtly elevated (Fig. 2). 

p _ Cont ro l exposure to CO Recove ry 

V e n t i l a t i o n 

CSF P^, 

FIG. 2. Effect of a 5-day exposure to an ambient Pco2 of 30 mmHg upon ventilation, Paco2, and CSF Pcoj in 
man. Control data were obtained just before the start of the exposure period and on 3 previous days. The 
exposure period was followed by a 2-day recovery period. Ambient O2 concentration was maintained at about 
20-22% throughout the experiment. Ambient Pco« was less than 2 mmHg during control and recovery periods. 
The data represent the average results of three subjects. 
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FIG. 3 . Effect of a 5-day exposure to an ambient Pcoa of 3 0 mmHg upon pH and [HCO3 ] of arterial blood 
and CSF in man. Data were obtained from the same experiment described in the legend for Fig. 2 . 

Data from the 5-day exposure showing the relationship of ventilation to arterial Pco2 and 
pH are shown in Fig. 4. After 24 hr of exposure, the Paco2-ventilation response curve shifted 
to the right of the control curve. The curves obtained after 2 and 5 days of exposure indicate 
that there may have been a shght additional shift to the right along with the continued ele­
vation of arterial and CSF[HCO¡"] (Fig. 3). After 24 hrof air breathing, the Pco2-ventilation 
response curve shifted back to the left to overlap the control curve and appeared to shift still 
further to the left after 2 days of recovery. Although the shifts in the Pacoa-ventilation re­
sponse curves appear to be small in magnitude, comparison of the ventilatory responses ob­
tained at a constant Paco 2 shows that ventilation after 5 days of hypercapnia was about 10-
12 L /min less than it was at the same Pacoa during the exposure and recovery periods. 

Schaefer (20) has reported a similar shift to the right of the PAco2-ventilation response 
curve in normal men exposed to chronic hypercapnia, and Katsaros et aL (11) produced the 
same result by acute administration of [HCO¡"]. The data of Katsaros et al, show that the 
shift to the right of the Pacoj-ventilation response curve caused by acute elevation of arterial 
[HCO7] was accompanied by a shift of the arterial pH-ventilation response curve to the left 
toward higher pH levels. During prolonged hypercapnia, however, the initial shift of the Paco,-
ventilation response curve to the right was accompanied by a similar shift of the pH-ventila-
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tion response curve toward lower pH values. As arterial [HCOj] increased, the pH-ventila-
tion response curve moved in the direction of higher pH values to the left of the control curve. 
During the recovery period the pH-ventilation response curve moved to the right again, in 
conjunction with a decreasing arterial [HCO¡"]. 

EXPOSURE TO AN AMBIENT PCO2 OF 21 MMHG FOR 3 0 DAYS 

Respiratory control data from the third experiment essentially confirm the findings in the 
two earlier experiments. Figure 5 shows the effects in four subjects of a 30-day exposure to an 
ambient Pco2 of 21 mmHg on the relationship of ventilation to arterial Pco2 and pH. After 
24 hr of hypercapnia, the Paco2-ventilation respones curve shifted sfightly to the right of two 
control curves obtained at the start of CO2 exposure and 2 days previously. The corresponding 
arterial pH-ventilation response curve again shifted initially to the right toward lower pH 
levels. After four days of hypercapnia, arterial [HCO"¡] reached maximum elevation, and the 
initial decrease in arterial pH was completely compensated. At this time, the Paco2-venti-
lation response curve was less than 1 mmHg to the right of the 24-hr exposure curve, whereas 
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FIG. 4. Effect of a 5-day exposure to an ambient Pcoj of 30 mmHg upon the relationship of ventilation to 
arterial Pcoj and pH in man. Data were obtained from the same experiment described in the legend for Fig. 2. 
Measurements of ventilation, Paco2, and arterial pH were obtained at the times indicated in the figure. In the 
arterial blood of normal subjects during acute administration of CO2, the relationship of change in Pcoj to 
change in pH has a slope of —0.0075 pH units/1.0 mmHg Pco2 (14). The abscissa was drawn to the same scale 
in order that a change on the Pco2 axis would produce an identical change on the pH axis if arterial [HCOn 
remained constant, (φ) Start exposure; (O) 1 day exposure; ( X ) 2 days exposure; (A) 5 days exposure; 
( Δ ) 1 day recovery; ( • ) 2 days recovery. 
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FIG. 5 . Eflfect of a 30-day exposure to an ambient Pco2 of 2 1 mmHg upon the relationship of ventilation to 
Paco2 and pH in man. The 30-day exposure to CO2 was preceded and followed by a 14-day period of air 
breathing. Measurements of ventilation, Paco2» and arterial pH were obtained at the times indicated in the 
figure. The data represent the average results of four subjects. A change in Pco2 of 1 mmHg on the abscissa is 
equivalent to a pH change of 0 . 0 0 7 5 units. ( # ) Control day 1 3 ; ( X ) start exposure; ( O ) 1 day exposure; 
(A) 4 days exposure; ( Δ ) 1 4 days exposure; (O) 3 0 days exposure; ( • ) 1 day recovery; ( • ) 4 days recovery. 

the pH-ventilation response curve was shifted to the left by about 0.025 pH units. After 14 
days of hypercapnia, the Paco2-ventilation response curve was still in the position of the 4-
day curve, but the pH-ventilation response curve had shifted back to the right to become su­
perimposed upon the 24-hr curve. 

Following 30 days of hypercapnia, the Paco2-ventilation response curve was superimposed 
upon the 24-hr curve, whereas the pH-ventilation response curve was shifted to the left toward 
the 4-day curve. After 1 and 4 days of air breathing, the Paco2 ^iid pH-ventilation response 
curves shifted toward the control curves and became superimposed upon them. Comparing 
the ventilatory responses obtained at a constant Paco 2 shows that ventilation was reduced 
by about 8-10 L /min following acclimatization to hypercapnia. 

Discussion 

The data summarized in Figs. 4 and 5 indicate that the reduction of ventilatory response 
to CO2 occurring during the first 24 hr of chronic hypercapnia cannot be attributed to a re­
duced stimulus level in respiratory chemoreceptors which are directly exposed to the [Η-·"] of 
arterial blood. On the contrary, arterial pH measurements obtained after 24 hr of hyper­
capnia show that these chemoreceptors are exposed to [H+] at least equal to and probably 



406 J. Μ. CLARK, R. D. SINCLAIR, AND B. E. WELCH 

greater than the control level of acidity. Reduced ventilatory response to hypercapnia without 
a compensatory decrease in arterial [H+] could be accounted for by a decreased stimulus level 
in the central chemoreceptors whose acid-base environment may be quickly influenced by 
changes in Paco2> but which are only slowly modified by alterations in arterial pH. The exist­
ence of such central chemoreceptor response has been demonstrated by Lambertsen et al, 
(16-18). 

Comparison of the close agreement of the Paco2-ventilation response curves during CO2 
exposure with the much wider range of the arterial pH-ventilation response curves provides 
additional evidence that respiration during acclimatization to prolonged hypercapnia is pre­
dominantly controlled by central chemoreceptors which are not directly influenced by changes 
in arterial pH. The apparent lack of a change in the ventilatory response slope to increased 
Paco2 or [H+] does not support the concept that reactivity of the respiratory control centers 
is diminished during prolonged hypercapnia. 

Elevations in Paco2 were observed 16-20 hr after exposure to both an ambient Pco2 of 30 
mmHg and an ambient Pco2 of 21 mmHg, and again after 16-20 hr of recovery in each in­
stance. In all four cases, increased Paco2 occurred when the subjects normally would have 
been sleeping. These data indicate that the decreased ventilatory response to CO2 that occurs 
during sleep (4, 15) may also occur to some degree at the same time of day even when the sub­
ject is awake. Eger et al, (8) and Koepchen et al, (13) have also reported a diurnal variation 
in the ventilatory response to hypercapnia. Hormones—such as norepinephrine, epinephrine, 
ACTH, and cortisone—can all increase respiratory response to CO2 administration (2, 7, 12, 
13, 28). It is possible that diurnal variation in hormone blood levels (19, 27) may be partially 
responsible for the apparent diurnal variation in the ventilatory response to hypercapnia. 
The data summarized in Figs. 4 and 5 were obtained within a few hours after the subjects 
were awakened and should not therefore have been influenced by diurnal variation. 

Conclusions 

The results of the present studies of the rate of man's acclimatization to chronic hypercapnia 
agree with the findings of most previous investigators that maximal compensation for the 
initial decrease in arterial pH during exposure to hypercapnia requires as long as 3-5 days. 
However, the results of these experiments indicate that most of the reduction in ventilatory 
response to CO2 occurs within the first 24 hr of exposure and, therefore, agree generally with 
the earlier observations of Chapin et al. (6). The rapid rate of respiratory acclimatization to 
chronic hypercapnia appears to be related to acclimatization of some central component of 
respiratory control that is not directly influenced by changes in arterial pH. Compensation 
for the initial decrease in arterial pH may cause a further reduction of ventilatory response 
to CO2 that is smaller than the earUer reduction. 

It should be emphasized that these preliminary conclusions are based upon data obtained 
from small numbers of subjects. There are obvious individual variations in both objective and 
subjective responses to CO2 (14, 21), and the rate of acclimatization to hypercapnia may also 
vary among individuals. Furthermore, many of the changes observed in the present investi­
gation are small in magnitude and difficult to measure by present-day techniques. More defini­
tive information can be obtained by exposing larger numbers of subjects to higher levels of 
inspired Pco2> if such exposures are made safe by using suitable indices of CO2 toxicity and if 
they can be subjectively tolerated. 
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C O M P A R I S O N O F P H Y S I O L O G I C A L R E S P O N S E S O F N O R M A L 
M A N T O E X E R C I S E I N A I R A N D I N A C U T E A N D 
C H R O N I C H Y P E R C A P N I A 

R. D. Sinclair, J. M. Clark, and B. E. Welch 

The results of studies on acute and chronic hypercapnia have shown that the healthy man 
at rest can tolerate an ambient Pco2 of up to 30 mmHg without signs or severe symptoms of in­
capacitating physiological changes (4, 8, 13). However, this information does not completely 
answer the question of just what CO2 exposures are tolerable for humans living in the arti­
ficial environment of habitats or vehicles used in underwater and space exploration. It must 
be assumed that individuals thus exposed will very hkely be required to perform tasks calhng 
for increased muscular work. Therefore, defining the interactions between the normal physio­
logical responses to exercise and hypercapnia and the influence of these interactions on CO2-
tolerance hmits in man is an important challenge in environmental research. 

Exercise During Hypercapnia—The Problem 

During acute hypercapnia man, even at rest, is in an environment unfavorable to metabolic 
CO2 elimination (14), and he must therefore increase minute ventilation (VE) in response to 
elevated Paco2? and [H"*"]. Thus, the basic physiological responses that adequately eliminate 
the CO2 produced by the body during exercise in air are less effective when exercise is done in 
a high CO2 atmosphere. Consequently, Paco2 and [H+] increase progressively in proportion 
to elevations of inspired PIco2 (13). Although ventilation is not usually considered to be a 
hmiting factor in man^s capacity for doing heavy or maximal exercise in air (1, 20), exercise 
during hypercapnia places excessive demands upon ventilation that may in turn hmit exercise 
capacity. Furthermore, the normally high incidence of premature ventricular contractions in 
man performing exercise in air (14) and cardiac arrhythmias while he breathes high concen­
trations of CO2 (7-14% at ambient pressure) at rest (17) raise an important question: Is there 
a possible interaction of these combined stressors on rhythmicity of the heart? 

Theoretically, during chronic exposure to CO2 with its concomitant physiological adapta-
409 
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T A B L E I 

E X E R C I S E D U R I N G E X P O S U R E T O H Y P E R C A P N I A 

Ambient Pco2 Duration 
Subjects (mmHg) Workload" (min) Source 

6 8 L 180 Krasnogor et al. (11) 
7 21* L 60 Glatte et al. (8) 
4 21* L - M - H 45 Sinclair et al. (this study) 
8 8-30 M - H - M a x 20-30 Menn et al. (14) 
7 (dog) 15-60 Μ 15 Sinclair et al. (18) 

4 16 Max Finkelstein et al. (6) 
2 21 (15-35)* Μ — Schaefer (15) 

32 7-35 L 10 Froeb (7) 
11 35 Η 2 Hickam et al. (9) 

3 (7-45) M - H 10 Asmussen and Nielsen (2) 
3 (15-45) M - H 12 Craig (5) 

° Classified as low (L), moderate (M), heavy (Η), and maximum (Max). 
* Acute (hours) and chronic (days) exposure. 

tions—e.g., increased body buffering of [H+], slightly abated VE (3, 8), and readjustment of 
hormonal activity (16, 17, 21)—man might be somewhat better able to do exercise than he is 
during acute exposure to the same Pco2- This possibihty has been the basis for studies of re­
sponses to exercise during prolonged hypercapnia. 

Previous Studies Concerning Exercise During Hypercapnia 

Table I summarizes a limited number of studies reported in the literature (2, 5-9, 11, 14, 
15, 18) that provide data on exercise tolerance during exposure to CO2, and shows the approxi­
mate degree of work performed, its duration, and the ambient Pcog during the exercise. The 
ambient Pcoz values shown in parentheses indicate that C02-response curves were obtained 
during steady-state exercise; second footnote denotes the studies that were made during both 
acute and chronic exposure to CO2 (21 mmHg in all cases). Man was the experimental subject 
in these studies; the single exception was a dog experiment, which was performed to extend 
the ambient Pco2 to 60 mmHg—a Pcoz level to which man has not been exposed during ex­
ercise. One can see from the data that heavy work has been done for relatively long periods 
in both 21 and 30 mmHg of ambient Pco2, and maximum exercise has been done in 16 and 21 
mmHg. The table also shows that the highest ambient Pcoj breathed by man during heavy 
exercise was 45 mmHg for 12 min. 

The first five studies hsted in the table were performed at the USAF School of Aerospace 
Medicine *as a series of related experiments performed specifically to define the levels of CO2 
exposure that man can tolerate. These studies included measurements of ventilation, gas ex­
change, pH of the blood, and blood gases, in addition to cardiac monitoring. 
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The remaining studies hsted in the table are from other laboratories and, with the exception 
of the work by Schaefer (15) and Finkelstein et al. (6), were not specifically designed to answer 
questions regarding tolerance levels for exposure to CO2. Most of these studies concentrated 
on ventilation and gas exchange measurements, and omitted arterial acid-base and electro­
cardiographic data. 

Graded Exercise in Acute and Chronic Exposure to Hypercapnia—21 mmHg Peo 2 

METHODS 

The present investigation involved four young male subjects in excellent physical condition, 
who performed three levels of work (low, moderate, and heavy). The work was done in air and 
during acute (1 hr) and chronic (15-20 days) exposure to an atmosphere containing 21 mmHg 
ambient P c o 2 . While in a supine position, the subjects performed 45 min of continuous steady 
state exercise on a bicycle ergometer. They breathed air or C02-enriched air directly from the 
environmental room using a modified Otis-McKerrow low-resistance valve. The expired air 
was directed to a 600-L Tissot spirometer. Two runs, 5 hr apart, were performed by the same 
subject on each experimental day in order to minimize the total number of arterial catheteriza­
tions. The data used to construct the curves in Figs. 1-4 represent measurements obtained 

4 0 6 0 8 0 1 0 0 120 1 4 0 1 6 0 1 8 0 
Heart rate ( b e a t s / m i n ) 

F I G . 1. Effect of graded exercise upon respiratory minute volume in air ( X ) and in acute ( · ) and chronic 
( O ) exposure to hypercapnia (21 mmHg). FE values are corrected to B T P S conditions. 
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4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 180 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 

H e a r t r a t e ( b e a t s / m i n ) 

FIG. 2. Effect of graded exercise on respiratory gas exchange in air ( X ) and in acute ( # ) and chronic 
(O) hypercapnia. F02 and Vco2 values were corrected to S T P D conditions. 

between the 12th and 15th minute of exercise. Analysis of variance was used to test the data, 
which are considered significant when Ρ < 0.05. 

RESULTS 

In Figs. 1-4, the experimental data are plotted against the mean heart rate (HR) responses 
to exercise rather than against work loads. This method of plotting data is justified because 
of the highly significant linear correlation between exercise work load and cardiac rate (1, 20). 
The present study shows that this linear relationship also holds for exercise during acute and 
chronic CO2 exposure. Each resting and exercise point on the graphs shown in Figs. 1 -4 repre­
sents the mean of 12 and 4 individual measurements, respectively. 

The effects of graded exercise on F E both in air and C02-enriched air are illustrated in Fig. 
1. The parallelism of the ventilation curves during exercise agrees with the results of work done 
by Asmussen and Nielsen (2) and Craig (5). These investigators found that the effect of CO2 
on hyperpnea during exercise, for a limited number of Pcoz and work load combinations, ap­
proximates a simple addition of increments produced by the action of each stressor acting 
independently. However, the difference between F E in air and in CO2 at rest was approxi­
mately doubled at the low work load, and appeared to remain constant at higher work loads. 
The average F E at similar work levels was essentially equal both in acute and chronic hyper-
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4 8 r 
(a ) A b s o l u t e v a l u e s 

4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 160 180 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 
H e a r t r a t e ( b e a t s / m i n ) 

160 1 8 0 

F I G . 3. Effect of graded exercise upon Paco2 in air ( X ) and in acute ( · ) and chronic (O) hypercapnia. 
Blood gases were temperature corrected. P&coz differences refer to the difference between the absolute Pacoi 
values in acute or chronic hypercapnia and the corresponding Pacoa values during air breathing for rest and at 
each level of work. 

capnia; the air curve was approximately 15 L/min lower at each work load. The difference 
among the three curves is considered highly significant (P < 0.001). 

The changes in VE with progressive exercise in each experimental condition resulted from 
changes in both respiratory rate and tidal volume, the former becoming relatively more im­
portant with increasing work load. Comparison of the respiratory patterns under similar work 
loads in both acute and chronic hypercapnia showed that tidal volume was higher and rate 
lower in chronic hypercapnia. 

The finding that there was httle difference between the average VE at similar work loads 
in acute and chronic CO2 conditions is in contrast to the finding of Schaefer (15). His data for 
one subject showed that the ventilatory response to exercise during acute hypercapnia was 
reduced when exercise was done after 8 days of exposure to 21 mmHg ambient Pco2- The in­
dividual data from the present study reveal that one of our four subjects showed a response 
similar to that described by Schaefer, but the ventilatory responses of the other three were 
not clearly different in acute and chronic hypercapnia. 

The effects of graded exercise on gas exchange in air and in CO2 are shown in Fig. 2. The 
oxygen uptake (F02) curves are essentially hnear, and the mean values vary little from one 
another at the same work load in the different experimental conditions. There is no significant 
difference between the curves. Krasnogor al. (11), Glatte et al (8), and Menn etaL (14) like­
wise found no differences in 7θ2 whether exercise was performed in air or C02-enriched air 
environments. In contrast, Finkelstein et al. (6) reported a 12% decrease in maximum Vot 
with exercise in an environment containing 16 mmHg inspired Pco« (Pico»). However, they did 
not indicate whether the degree of exercise performed in CO2 and in air was the same. 
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( α ) A b s o l u t e v a l u e s b ) M e t a b o l i c c o m p o n e n t 

4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 

H e a r t r a t e ( b e a t s / m i n ) 

FIG. 4. Effect of graded exercise upon arterial pH in air ( X ) and in acute ( # ) and chronic (O) hypercapnia. 
The pH values were temperature corrected. The metabolic component was calculated by subtracting the 
respiratory component from the total change in pH. The relationship between change in Pcoz and pH has a 
slope of -0 .0075 pH units/1,0 mmHg increase in Pacoj (12). 

The mean values for V02 (L/min) and HR (beats/min) for the three experimental condi­
tions at low, moderate, and heavy work loads were 1.281/95, 2.018/135, and 2.411/158, 
respectively. The average resting HR was 55 dz 6 beats /min, which reflects the excellent physi­
cal condition of the subjects and the absence of excitement prior to exercise. 

Increases in CO2 production (FC02) were also progressive as the work load under all three 
experimental conditions increased. The curves are significantly different (P < 0.025), with 
the 7co2 curves for acute and chronic CO2 exposure falling below the air curve. This finding 
agrees with those of Menu etal. (14) and Finkelstein et al, (6), who observed a CO2 retention 
(decreased 7co2) during exercise in hypercapnia that could not be explained by a decrease 
in metabolism. 

Figure 3 shows a comparison of changes in Paco 2 during exercise in air and in acute and 
chronic hypercapnia. During air breathing, Paco 2 values showed essentially no change from 
the state of rest to the low work load, and then proceeded to decrease progressively with exer­
cise to reach a low value of 32.5 mmHg at the highest work load (7.5 mmHg lower than the 
resting control value). During exercise at the low work load in acute and chronic hypercapnia, 
Paco2 increased by 3.6 and 2.0 mmHg, respectively, and then decreased progressively to values 
at the highest work load that were near the mean resting control in both experimental condi­
tions. With all work loads, the changes in Paco2 from the resting value were smaller in pro­
longed than in acute hypercapnia. 
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P l ^ o ^ ( m m H g ) 

F I G . 5. Contribution of metabolic acidosis to changes in arterial pH with exercise in progressive hypercapnia 
(after Menn ei al. [14]). Subjects exercised on a bicycle ergometer in upright position for 30-min periods in air 
and in four levels of ambient Pco2 on different days. The metabolic acidosis component was calculated as 
described in legend for Fig. 4. The nearly identical heavy work loads in the Menn et al. and the present studies 
were performed during the same acute exposure to 21 mmHg Pcoa (note arrow on abscissa). ( O ) Metabolic 
acidosis; ( # ) respiratory acidosis. PIco2 = 0, 8, 15, 21, 30 mmHg. 

Although the Paco2 changes were small during exercise in hypercapnia, the differences be­
tween the mean Paco2 during acute or chronic CO2 exposure and the corresponding Paco2 
values during air breathing increased progressively with higher work loads (Fig. 3). The dif­
ferences in Paco2 curves were highly significant (P < 0.001). 

The changes in arterial pH during exercise in hypercapnia are shown in Fig. 4. The decreases 
in pH below resting control values were also progressive with increasing work loads, and were 
similar in magnitude at each work load under the three experimental conditions, despite the 
concomitant changes in Paco2 shown in Fig. 3. The metabohc acidosis component of the pH 
changes was greatest during air breathing, smallest in acute hypercapnia, and intermediate 
in chronic hypercapnia—thus explaining the similarity in the pH values under the heavy work 
load for all three experimental conditions, despite quite dissimilar Paco2 values. 

Figure 5 is based on data drom the study of Menn et al. (14), and illustrates the contribution 
of metabolic acidosis to changes in arterial pH at the end of 30-min periods of heavy exercise 
in graded levels of hypercapnia. Each point on the graph represents the mean of seven indi­
vidual measurements. The curves show that the metabohc component of the observed change 
in pH was considerably less with exercise in the higher levels of Pico 2 than it was with exercise 
in air. In the Menn et al. study, the metabolic acidosis resulting from exercise performed during 
acute exposure to 21 mmHg Peo 2 was about 58% of that resulting from exercise in air. At a 
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comparably high level of exercise in the present study, the metabolic component of the change 
in arterial pH during acute hypercapnia was about 60% of that found during air breathing. 

The only symptoms reported by our subjects during exercise in hypercapnia were occasional 
mild headaches and awareness of increased respiratory effort when the work load was heavy. 
The symptoms of air hunger and intercostal muscle pain reported by Menn et al (14) in their 
subjects, during exercise at a heavy work load in 30 mmHg PIco2j and at maximum exercise 
in 21 mmHg PIco2) were not experienced by our subjects. Neither were the occasional prema­
ture ventricular contractions reported by Menn et al (14) observed in our subjects. 

DISCUSSION AND CONCLUSIONS 

Analysis of the quantitative data in Figs. 1-4 indicates that some of the normal responses 
to graded exercise in air were significantly modified by the simultaneously imposed stress of 
exposure to an ambient Pco2 of 21 mmHg. Of particular note was the retention of CO2 as work 
increased, as indicated by a significant decrease in 7co2 and increase in Paco2- These obser­
vations agree with the results of Menn et al (14), which demonstrated progressive CO2 re­
tention both with submaximal and maximal exercise in increasing levels of hypercapnia. Fin-
kelstein et al (6) also reported decreased Fco2 with maximum exercise during acute exposure 
to 16 mmHg PIco2- Retention of CO2 in exercise during exposure to hypercapnia indicates 
that alveolar ventilation does not increase sufficiently to compensate for its reduced effective­
ness in CO2 elimination. 

The finding of reduced metaboHc acidosis in response to heavy exercise in CO2, as compared 
to that in air, may reflect decreased production of organic acids. This could be caused by a 
decrease in the requirement for energy obtained from anaerobic metabolism or by changes in 
enzyme activity. The former could be explained by improved perfusion of blood through the 
skeletal muscles during hypercapnia, which permits more rapid adjustment of the circulation 
to the demand for O2 in the early exercise period. In support of an enzymic effect, Hughes et 
al (10) showed that, during fight exercise and voluntary hyperventilation in air (which low­
ered the Paco2 to 27 mmHg), the blood lactate rose by 1.3 mmoles/L. However, no increase 
in lactate occurred if the Paco2 was kept constant by the addition of CO2 to the inspired air. 
Takeshita (19) hke wise found that the rise in blood lactate owing to hypoxia at rest— which 
is in part the result of alkalemia due to hyperventilation—could be prevented by adding CO2 
to the inspired gas to keep the blood Pco2 constant. 

The present study demonstrates that an ambient atmosphere containing a CO2 tension of 
21 mmHg is well tolerated by a subject who is resting or engaging in strenuous steady state 
exercise. This general conclusion is applicable whether the CO2 exposure is acute or chronic. 
In agreement with the previous reports, however, this study shows that exercise during ex­
posure to increased ambient Pco2 caused CO2 retention and a concomitant elevation of Paco 2· 
Similar interactions between the stresses of exercise and hypercapnia will become limiting at 
higher levels of inspired Pco2- Determination of these tolerance limits will require quantitative 
studies of larger groups of subjects performing graded exercise during exposure to progressively 
greater pressures of ambient CO2. 
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PART IX. CARBON DIOXIDE, EXERCISE, AND ACCLIMATIZATION 
TO HYPERCARBIA* 

DISCUSSION 

K. E. Schaefer, Chairman 

Chairman Schaefer: Professor Chouteau appeared this morning to have reversed the usual procedure 
for pressure exposure. Usually we have stops during the decompression phase. He used stops during the com­
pression phase and had a rather rapid linear decompression coming back from high pressure. Perhaps he can 
explain this. 

Dr. Chouteau: As for the compression phase, our procedure was essentially intuitive. In the experiments 
when we compressed animals slowly but continuously, the animals had difficulty adapting. We have never 
had difficulty during the compression when it was interrupted. This may permit the animals to accomplish 
respiratory adaptation, perhaps by avoiding air trapping. 

Chairman Schaefer: With the more rapid compression rate you probably have the condition of air 
trapping. Your experience would indicate that in order to keep animals alive at 3000 ft it is necessary to use a 
much slower compression rate than in previous animal experiments. 

Dr. Chouteau, you consider that your goats developed an hypoxic condition when the inspired P02 was 
kept at normal atmospheric levels. Could you comment on whether CO2 retention occurred? 

Dr. Chouteau: I do not think we had CO2 retention. Why? If we had, I do not believe that the slight 
rise of P02 from 0.05 atm would be sufficient to reverse CO2 retention. 

Dr. Summitt: Dr. Chouteau, you have referred to experiments in which you measured the arterial O2 
levels and some other experiments involving continuous electroencephalographic recordings. Could you tell 
us of these? 

Dr. Chouteau: We have carried out experiments like those on goats with 02-He, but in an equivalent 
density O2-N2 environment at lower pressure. We have also performed experiments with rabbits fitted with 
chronic electroencephalographic electrodes, and we have studied the effects of normoxic mixtures (02-Ar, 
O2-N2, 02-He) at different pressures for each of the three inert gases. In these we have seen modifications of 
the EEG. In the first time it is replacement of a waves by θ waves, and then flatness of the tracings. When we 
raise P02 the tracings become normal. 

In the second type of experiments we have put O2 electrodes in about 20 rabbits. At 20 atm, after 10 min 
we see a fall of the arterial P02 of about 25 mmHg. When we work at 15 atm, we find nothing. We have also 
experimented with Ar and find the same phenomenon, but at lower pressures, between 10 and 15 atm. 

Dr. Lahiri: With respect to the goats, these are ruminants and the amount of gases, particularly CO2, 
produced in the rumen is considerable. In certain circumstances, like very high pressure, that could be im­
portant. I wonder what is the contribution of CO2 from the rumen to the CO2 you see in the animal's blood 
under these conditions. 

Dr. Chouteau: I have no measurements of this. I know the ruminants have a high tolerance to CO2. 
They have a high alkaline reserve. I do not see what influence this could have on resistance to pressure. 

Dr. Glauser: I wish to offer a warning about SFe, which does have narcotic effects and does make one 
intoxicated. The chemical producers of SFe do not know that it is being used in human beings. Any experi­
menter tUat uses it is responsible for the safety of the batch that he uses. This is just a general warning. The 
gas is not being produced for biological use. 

* Panelists: D. C. Parker, J. M. Clark, J. Chouteau, R. D. Sinclair. 

419 



420 κ. Ε. SCHAEFER, CHAIRMAN 

Dr. Parker: In addition to that, the commercially available gas has certain acid products in the cylinder 
and has to be filtered through an absorbent before it can be used, even in animals. It has been shown to produce 
pulmonary edema in animals if this is not done. 

Dr. Glauser: There is sulfur tetrafluoride and the dimer, sulfur pentafluoride (S2F10), present in a great 
many of the batches, and that is why the investigator must take the responsibility for the safety. 

Dr. Lever: In fact the toxic impurities present in supplies of gaseous fluoride compounds available com­
mercially do differ enormously from sample to sample. Since we have been using fluoride compounds in Oxford, 
we have carried out detailed toxicity tests on the gases, and in long-term toxicity tests we have found no toxic 
effects whatsoever. Other investigators have found marked toxic effects to be produced by both these gases, 
but I would attribute these findings to toxic impurities that are present. 

Dr. Parker: Some people who have breathed SFe seem to have a residual effect for several hours after it 
has been breathed. Our group has not noticed this. This may be due to the toxic impurities. We have analyzed 
our batch on a gas Chromatograph and it seems to be very pure. 

Dr. Glauser: The subjective reaction produced by the same batch of gas is extremely variable from 
person to person. Among our subjects, including myself, we did not experience any residual effect. On the 
other hand, the subjective response in terms of euphoria and depression was widely variable among the indi­
viduals. 

Chairman Schaefer: This discussion indicates that if so many toxic effects exist, the fluorides are not 
the ideal gases for study of separate CO2 effects and effects of CO2 on inert gas narcosis. 

We can now discuss the two studies on CO2 acclimatization. The inclusion of the effect on central respiratory 
drives is a very important contribution in this area. 

Dr. Kollias: Has anyone done maximal exercise studies during compression? If not, why? What are the 
reasons for not doing these? With the chronic hypercarbic experiments the subjects also worked submaximally. 
Could you state why you did not work them maximally? Were there any overt symptoms during the exercise 
that led you to terminate it at the low work levels? 

Dr. Sinclair: There have been two experiments with exercise performed at the maximum level in hyper­
capnia. The first one was done by Finkelstein. He exercised several subjects in 16 mmHg to their maximum 
level. The second study was done by Menn et al. who exercised subjects maximally in air, and at 8 and 21 
mmHg inspired Pco2. 

With the Menn study the subjects performing maximum exercise in 21 mmHg Pco2 performed quite well. 
They did report symptoms of intercostal muscle pain and more subjective distress from the ventilatory effort. 
Their maximal minute ventilation was the same in air, in 8 and in 21 mmHg Pco2- In other words, they did 
not increase their minute ventilation above the air value. 

We did see a progressive decrease in CO2 production with maximal exercise in both the 16 and the 21 
mmHg Pco2 experiments. We did not do blood gas studies in either one of these two experiments, so I cannot 
comment on that. 

Dr. Lahiri: Dr. Clark showed that at the end of five days of exposure to CO2 the CSF and also the arterial 
pH almost came back to normal. But the ventilation remained very high, more than double normal. 

Dr. Clark: You are referring to the observations showing that at the end of 5 days of exposure arterial 
pH was essentially identical to the control measurement, CSF pH was about 0.01 pH units below normal and 
ventilation still remained high. 

The measurements of arterial pH and CSF pH do not necessarily tell us a great deal about what is going 
on in cells in the CNS. Spinal fluid may partly reflect the acid-base environment of any cells that are immedi­
ately exposed to it, but it does not necessarily reflect the environment of cells deeper beneath the surface. 
Our data cannot explain what is going on in these deeper cells. Since we cannot find the basis for increased 
ventilation in arterial blood and we cannot find it in CSF, then the cause must be somewhere in these other 
cells that are deeper, and not responding directly to changes in either CSF or arterial blood. 

Chairman Schaefer: Did you measure bicarbonate in the CSF, too? 

Dr. Clark: Indirectly. We calculated the bicarbonate measurement from Ροο2 and pH. 

Chairman Schaefer: What ideas do you have about the shift in CSF bicarbonate influencing the venti­
latory response? 

Dr. Clark: We got essentially parallel increases in the bicarbonate levels of arterial blood and CSF, and 
neither one of these was large enough to explain the drop in ventilation we found. Therefore I think that these 
indices provide rather poor bases for the magnitude of reduction that we got within 24 hr. Over the course of 



DISCUSSION: IX 421 

5 days the bicarbonate increased enough for both arterial and CSF pH to come essentially back to normal, 
and this may have had some additional influence upon respiration. However, you will have to consider that the 
initial changes are somewhere in the CNS where they are is not accurately reflected by arterial acid-base 
changes or CSF acid-base changes. 

Chairman Schaefer: You did not do any measurements at 3 days? Usually after 3 days exposure to 
CO2 there is already a very strong tendency to return to normal, even at higher concentration in animals. 
As I understand your curve, you have 24 hr and then 5 days. 

Dr. Clark: We did not make measurements at 3 days. We designed that experiment to look mainly at 
the first 24 hr of exposure because of the results of the previous experiment that seemed to indicate that nearly 
all changes were essentially complete by 24 hr. The technical work involved in doing measurements every day 
prohibited making daily measurements. 

The fact that pH came back to normal by 5 days does not mean it took 5 days. It may have happened 
in 3 days. We don't know. 

Dr. Sinclair: Regarding the comment concerning physical condition of the subjects, sometimes we do 
use this term loosely and do not define it. All the subjects in our exercise experiments at Brooks come right 
from Air Force basic training at Lackland Air Force Base. That training is a pretty good physical conditioning 
program in itself. When we receive these subjects they are given a thorough physical examination and then 
we keep them for about 6 weeks to 2 months on an extensive exercise program. In other words, if the high 
workload in our experiments was 190 or 200 W on a bicycle, we build up to that with the subjects. Then they 
do this at least twice a day for 45 min as an additional conditioning exercise. 

We do not have the subjects running around the base, and so on, to increase their exercise capacity. 
But we do perform maximum O2 uptake studies on the subjects prior to the start of the experiment. In the 
subject I reported on today the mean max F02 was about 3.7 L/min, which is good. 

During the chronic exposures we do not let the subjects have days off. They continue to exercise on their 
days off at the maximum workload for the same duration of time that they perform the work in the actual 
experiment. 

Dr. Clark: As one further comment, I have been impressed by the measurements which show that during 
exercise in exposures to extreme ambient pressures there seems to be a very prominent elevation of arterial 
Pco2- This may happen at rest as depth is increased. The data that Dr. Sinclair and I have shown with refer­
ence to the interactions of hypercapnia and exercise and hypercapnia and acclimatization will also apply to 
individuals at extreme ambient pressures even though they are breathing atmospheres not containing CO2. 

Chairman Schaefer: Have you any suggestions about the cause of the CO2 retention during heavy 
exercise? Is that an altered ehmination of CO2 or a reduction of CO2 production? 

Dr. Sinclair: We do not feel that it is a result of decreased production of CO2. Our evidence for this is 
the constancy of the O2 uptake found in these studies. We consider that there is decreased elimination of 
CO2 at the lung. There is a possible mechanism for this. If we consider that the normal alveolar inspired partial 
pressure gradient for CO2 is 40 mmHg, with the ventilatory response that we get during exercise while breathing 
CO2, this reduces that normal gradient. 

The pressure gradient reflects a concentration gradient then between the pulmonary capillary blood in the 
alveolar CO2, which means that the CO2 coming from the pulmonary blood into the alveoli equilibrates sooner 
than it would with the normal 40 mmHg gradient. I am saying that CO2 diffuses just as quickly, but it equili­
brates with the alveolar CO2 gas and, therefore, as the cycle continues, more and more CO2 starts backing up. 

Chairman Schaefer: In other words, you find the same thing in exercise as in a resting condition. I 
remember Shaw and Behnke's experiment in 1936 that showed that, with increase in CO2 concentration during 
short exposure, the CO2 elimination went down and the respiratory quotient dropped accordingly. 

Related to the alveolar-arterial pressure gradient, do you have any evidence as far as the CO2 production 
is concerned? 

Dr. Sinclair: Only that the O2 uptake level remained unchanged. We take this as evidence for no change 
in metabolism and an unchanged CO2 production. 



H E A T E X C H A N G E B E T W E E N M A N A N D T H E 
W A T E R E N V I R O N M E N T 

Albert B. Craig, Jr. 

It is apparent that, for a given temperature, one loses or gains more heat when immersed 
in water than in air—or, said another way, cool water is ''colder^' than cool air, and conversely, 
warm water is "warmer'^ than warm air. 

Despite the problems related to heat loss, man continues in his efforts to live and work in 
the hostile underwater environment. First, I should like to review some observations indicating 
that adaptations are possible for those who work in cold water. Second, I wish to discuss several 
problems concerning physiological responses to the cold stimulus and to point out their im-
phcations with respect to controlhng the body temperature of the working diver. 

Man has been working in water for a long time. The Ama of Japan and Korea have been 
gathering food from the underwater forests and fields for at least 2000 years (12). Figure 1 
is a photograph of a Funado, or assisted diver. She is almost completely clothed, and in fact 
is wearing at least three layers of knitted garments. Just before diving she put on gloves and 
socks, and covered her head. She worked in 21.5° C water for about an hour during the morning 
diving shift. Figure 2 shows another diver about to leave the boat. She is a Cachido, who works 
alone in shallower water. In addition to several layers of clothing, she has carefully covered 
her head and neck, a procedure followed in an almost ritualistic manner. She worked in 25°C 
water for about 2 hr in the morning, followed by a similar work shift in the afternoon. 

Between the morning and afternoon diving shifts, the Ama not only eats but rewarms her­
self. The Funado shown in Fig. 1 utihzed the heat from a charcoal fire, an integral part of the 
boat. The stove is also used to warm tea, which serves as an additional source of heat. The 
Cachido's noon break is more sociable. Figure 3 shows a group of them gathered around a fire 
on the beach, where they have the added advantage of absorbing heat from the sand, which 
was very warm and which also reflected heat. 

Korean Ama, whose diving activities are very similar to those of the Japanese Ama, have 
been extensively studied by Hong and his co-workers (10). In Korea some women work all 
year, and diving time is limited by tolerable body heat loss. During January, when the water 
temperature is 10°C, there is one shift a day, averaging 16 min. In August, when the water 
temperature is 27°C, there are two shifts a day lasting about 70 min each. Despite the different 
diving times, the rectal temperature at the end of a work period is about the same, i.e., 35''C. 
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F I G . 1. A Funado (assisted diver) dressed for diving, except for socks, gloves, and head covering. 

Apparently, the major limiting factor in the Ama's ability to earn a living is the heat loss that 
she can tolerate. 

Studies of the Ama have also revealed the interesting and dramatic adaptations she has made 
to cold stress. In the winter months, her basal metabolic rate (BMR) is 30% greater than that 
of nondiving women living in the same villages and eating the same type of diet. In the sum­
mer, the BMR's of these two groups do not differ from one another (10). Rennie et al (14) 
have also shown that the diving women, who are unusually lean, tolerate without shivering 
much cooler water temperatures than nondivers of comparable fat thickness do. These results 
are reminiscent of the Australian aborigine whose core temperature decreases while he is 
sleeping at night yet in whom shivering is not evident (16). 

Another group of people who have successfully performed in cold water are the adventure­
some and perhaps masochistic swimmers who swim across the English Channel (13). They 
remain in 16-18°C water for 12-20 hr. In comparison with the Ama, the Channel swimmers 
have a greater layer of insulation in the form of subcutaneous fat. In addition, heat produc­
tion resulting from their swimming is considerably more than that possible in breath-holding 
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FIG. 2. A Cachido (unassisted diver) about to enter the water for diving. 

divers (8). Perhaps the long-distance swimmer is more closely related to the compressed-gas 
diver, who can work vigorously but who nevertheless gets cold. It has been reported that 
rectal temperatures of scuba divers working in 2°C water for about an hour decreases to 34°C, 
but we have little data on others diving in warmer water (9). 

One study from Norway (17) indicates that, Hke the Ama, scuba divers show some ac-
cHmitization to cold stress. The subjects of that study maintained more normal rectal tem­
peratures and showed a smaller increase in metaboHc rate after working in 2-4°C water for 
45 days than they did at the beginning of the test series. 

Turning now from observations of working divers to planned experimental work, I should 
Hke to present several problems concerning physiological responses to cold stimulus. Quali­
tatively, immersion in water results in the same strains as those seen when the subject is in 
cold air. However, the responses are much more rapid and the course of events is greatly short­
ened. Vasoconstriction and decreased blood flow to the extremities occur quickly. Within 
5 min of immersion, finger temperature decreases to a value that does not change during the 
remainder of the hour (6). In fact, the initial vasomotor responses are so rapid that there is 
an initial increase of the core temperature (3, 6, 11). The heat produced during this period is 
actually trapped in the central portion of the body. 
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F I G . 3. A group of Cachidoes during the noon break between the morning and afternoon diving shifts. 
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F I G . 4. Oxygen consumption and temperatures at the end of an hour of immersion in 24°C water and 
during recovery in 25°C air. Averages of five subjects. mean skin temperature; Tf, finger temperature; 
Tej middle ear temperature. 
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After the initial temperature increase there is a decrease in core temperature, the magnitude 
of which is related to water temperature. Shivering soon ensues, first in waves and then con­
tinuously and uncontrollably. The increased O2 consumption reflects the magnitude of shiv­
ering. 

The mechanism of shivering is of considerable importance to the diver. Benzinger (2) has 
suggested that metabolic response is dependent upon a decrease in the temperature of the 
hypothalamic thermoregulatory center, but that shivering does not occur unless there is also 
a cold stimulus from the periphery. A number of observations support this hypothesis. Sub­
jects do not shiver immediately upon entering cold water. It takes time for the core tempera­
ture to decrease below the so-called *̂set point,^* and it is not surprising to find that shivering 
will start sooner in 24°C water than in 26 or 28°C water (6). 

Another demonstration of this hypothesis is seen when the subject is removed from the 
water. Shivering stops when the skin is dried and begins to rewarm, a process which can be 
expected to reduce the peripheral stimulus. The average results of a series of cold-water ex­
posures involving five subjects are shown in Fig. 4. Observations made during the last 20 min 
of a 1-hr immersion in 24°C water are shown on the left, and during the recovery phase, on 
the right. During immersion the subjects were shivering, and O2 consumption increased above 
the control value (indicated by the dashed line). Oxygen consumption during the recovery 
period increased above control during the first measurement, after which it returned to con­
trol values. The subjects ceased shivering despite the continuously decreasing ear tempera­
ture. The mean skin temperature rose steadily during recovery. It is also of interest that finger 
temperature showed no significant increase suggesting that vasoconstriction in this area was 
still maximal even after an hour. Shivering evidently requires two conditions—a low central 
temperature and a peripheral stimulus. Removing either will relieve the shivering. 

These observations are directly related to problems of deep diving and underwater habitat 
living. Consider a diver who works until the cold forces him to return to the shelter. He ob­
viously will not be ready to dive again until he has rewarmed himself. If he were forced to 
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FIG. 5. Effect of exercise on middle ear temperature when subjects are immersed in water of different 
temperatures for 1 hour. Averages of 10 subjects. ( · ) Subjects resting; (O) subjects doing continuous work, 
doubling O2 consumption; ( X ) subjects doing continuous work, tripling production. [From Craig and Dvorak 
(7), with permission of the publisher.] 
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return to the water before his core temperature has increased above the ''set point'', the 
peripheral stimulus will trigger shivering immediately. The Ama discovered this phenomenon 
without the assistance of physiologists. But what do we know about the modern diver? How 
long does it take him to recover from hypothermia? Could his effectiveness as a working diver 
be increased by providing an extra source of heat during rewarming? 

There are many other questions one could ask about heat exchanges in this foreign, under­
water environment. I should like to discuss two other experiments that are of interest to the 
working diver and to those concerned with protecting him against the cold. 

Figure 5 illustrates the effect of two levels of exercise on core temperature during an hour-
long immersion. As the abscissa of the graph indicates, these experiments were repeated in 
water of different temperatures (7). The solid dots on the graph show the change in the sub­
jects' middle ear temperature while the subjects were at rest. The water temperature must 
be about 35°C to prevent a change. The open circles represent temperature changes occurring 
while the subjects exercised continuously at a load that doubled their O2 consumption. The 
crosses depict another series of temperature changes occurring while the same subjects worked 
harder, thereby triphng their heat production. With the low work load, water of 32°C was 
adequate to prevent a temperature change, and with the higher work load they could main­
tain thermal balance in water of 26°C. One can look at this graph another way: If the water 
is 30°C, a person might feel cool at rest yet feel too warm doing even light work. 
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F I G . 6. Rate of heat loss from the hand and forearm immersed in a calorimeter filled with 2 0 ° C water as a 
function of finger temperature. 
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F i G . 7 . Rate of heat loss from the hand and forearm when a blood pressure cuff is inflated to 200 mmHg 
every 10 sec for a proportion of the time indicated. One subject studied in a series of six experiments in a cold 
room, and in another series when he was warm. 

Most divers know that they might be quite comfortable under conditions of light work, but 
that when they are required to work harder, they suddenly feel unpleasantly warm. One method 
of coohng is to open the wet suit and let in some cold water. In effect, the diver is substituting 
manual control for automatic control. In water, one is dealing with a very narrow range of 
temperatures (5), and the microatmosphere of the protective wet suit is a poor buffer against 
body temperature change. 

However, losing the automatic control system provided by sweating might not be so bad. 
Recent work in our laboratory indicates that vasomotor control of the peripheral parts of 
the body causes fantastic variations in heat loss. We have measured by direct calorimetry heat 
loss from the hand and forearm immersed in 20°C water. The results are shown in Fig. 6. The 
rate of heat loss from this extremity varied between 13 and 43 kcal/hr, and was directly and 
hnearly related to the temperature of the finger. Extreme variations in heat loss were produced 
by coohng or warming the rest of the body. Worthy of note is that heat lost at a rate of 43 
kcal/hr represents about half the heat production of the resting subject when only one ex­
tremity is exposed. 

Last year Rennie and Marder (15) reported that heat loss from the forearm of subjects im­
mersed in 30°C water was the same whether or not the blood flow to the extremity was com­
pletely occluded. Such results imply that under conditions of vascular occlusion the only heat 
lost from the forearm was produced locally. Blood flow in the forearm was also measured 
and found to be minimal, suggesting that countercurrent heat exchange was 100% efficient. 
These results are rather startling, and one is immediately tempted to write them off as artifacts 
resulting from the use of heat flow discs to measure heat loss. 

We repeated this type of experiment (see Fig. 7) by immersing the subject^s hand and 
forearm in the water calorimeter. Although it was not possible to have the rest of the subject^s 
body immersed in water, we did have him warm in one series of experiments and cold in 
another. A pressure cuff inflated to 200 mmHg was used to occlude the flow of blood com-
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pletely for 10 min. Intermittent occlusion using a cycle time of 10 sec, as indicated on the
abscissa, was also tried for similar IO-min periods.

When the subject was warm, heat loss was inversely related to the time of occlusion. When
the subject was cold, the occluding pressure did not change the rate of heat loss. These results
are in agreement with those reported by Rennie and Marder (15). They demonstrate that the
human body has an excellent method of regulating heat loss, one which is similar to that of
aquatic mammals who can vary heat loss through their flippers. When one considers protec­
tive equipment designed to buffer the diver against the effects of cold water, taking advantage
of these reflex mechanisms seems desirable.

Many of these experimental findings also raise questions about the usual evaluation of pro­
tective clothing. Beckman (1) has indicated that often of primary concern in the testing of wet
suits is the maintenance of a desired skin temperature. One then attempts to relate core and
skin temperature changes to heat loss. It is also worth remembering that the factors developed
by Burton (3, 4) for use in indirect calorimetry were based on data obtained through using the
traditional air calorimeter. These factors have not been proven; neither, in fact, have they
been adequately tested for subjects immersed in water. But this type of investigation will no
doubt be reported on in the future.

For the present I have tried simply to show that people can work successfully in a cold water
environment. The physiologist is a newcomer on the underwater scene, and he has provided
a number of interesting observations. These have implications for the diver who is pushing
on to the border of the continental shelf-if not beyond.
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T H E R M A L B A L A N C E A T D E P T H 

/ . S. P. Rawlins and J, F. Tauber 

From a theoretical standpoint there is no great problem in achieving thermal balance for 
a diver at depth, and from the practical point of view satisfactory working dives, using a 
saturation technique, have already been carried out by commercial organizations at depths 
in excess of 600 FSW. 

It seems remarkable, therefore, that in three recent major experimental dives. Hydra, 
Janus, and preparations for SeaLab III, cold was one of the greatest problems. In all these 
cases, cold Umited the planned duration of the dive, and in SeaLab III it may well have been 
a major factor in the death of one of the divers. 

Thermal regulation and the response to cold stress are highly complex physiological prob­
lems that have been studied by many workers over the years. But in order to achieve thermal 
balance in an undersea habitat or in the water, all that is required is to apply the basic laws of 
thermodynamics that have been developed over the last two centuries. As Raymond (3) 
points out, if thermal balance can be achieved, the physiological problems of cold stress do 
not arise. 

At the Naval Medical Research Institute (NMRI) at Bethesda, we have been engaged in 
the development of heated suits for SeaLab III divers. To this end we have evolved an ap­
proach that should be applicable to any future requirement for keeping a diver warm. 

Beckman et al. (1) investigated heat loss in men immersed in cold water and showed that 
it is impossible to maintain thermal balance at 40°F, even when the diver wears a wet suit 
of l-in.-thick foamed neoprene. Since such a suit is in any case quite impractical, the solution 
then appeared to be the use of a thinner insulative garment and to supply supplementary heat. 

The dry suit was rejected for SeaLab III use because of (1) its inadequate insulation in 
comparison with foamed neoprene; (2) the problems imposed by immersion and cold diuresis; 
and (3) the common experience that dry suits are in fact seldom dry, and that once under­
garments are wet, a dry suit is virtually useless (2). Keeping the SeaLab divers warm, there­
fore, will be accomplished through wet suit insulation, and some form of heat replacement. 
(This same approach was used in both Hydra and Janus.) 

During the past year, we have evaluated three types of heat replacement garments and 
have studied the diver under two circumstances: in the water and in a personnel transfer 
capsule (PTC). In both cases the ambient pressure was 600 FSW (19.2 atm abs), the tempera­
ture 40°F, and the breathing mixture 98% He. 
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Method 

Our first step was to develop a simple mathematical model to predict the heat replacement 
a diver will need under specific conditions. This model is a steady state heat-balance equation, 
the diver being in thermal comfort with a stable deep-body temperature and a mean weighted 
skin temperature of 94°F. The heat replacement garment used was either an electric resis­
tance wire suit or a closed-circuit tubing suit (originally designed for Apollo astronauts) with 
a hot water supply (4). These were worn beneath one or two layers of 3/16 in. closed-cell 
foamed neoprene. 

The heat balance equation is: 

Heat replacement + metabolic heat generated = respiratory heat loss + suit heat loss 

Theoretical estimation of suit heat replacement for a resting diver when wearing 3/8-in. 
foamed neoprene insulation under the stated conditions—i.e., 600 FSW, 40°F sea temperature, 
and a 98% He-2% O2 breathing mixture—is 1500 W, or for a 3/16 in. insulation, 3000 W. 
( I W = 0.8598 kcal/hr.) 

When the diver begins to work, metabolic heat generation increases, but this increase is 
more than offset by the effect of cold water flushing around the body underneath the wet 
suit. Hence, another 500-1000 W may be required to maintain heat balance. 

These theoretical values have been repeatedly checked in the NMRI tank in 40°F water, 
with appropriate adjustments made for air breathing and the shallow (10-ft) depth. In our 
experimentation, heat balance was maintained in the subjects who were experienced divers 
of different ages and endomorphic indices. There was very small variation in heat replace­
ment—800-900 W with 3/16-in. insulation and 400-450 W with 3/8-in. insulation. These 
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results compare favorably with our prediction, giving us a measure of confidence in our sug­
gested procedure for achieving thermal balance at depth. 

Problem areas that have interested us include the respiratory heat loss at depth, which was 
investigated by Webb and Annis (5). Again, our own calculations compare favorably with 
their values, and we have extrapolated their curves for the SeaLab conditions (Fig. 1). 

It is interesting to note that when a diver is at rest at 600 FSW and breathes He-02, his 
respiratory heat loss is approximately the same as the metabohc heat generation, or 125 W. 
Both these factors increase with work, so that at 600 FSW they tend to cancel each other in 
the heat balance equation. 

At shallower depths, metabohc heat generation outstrips respiratory heat loss. The position 
is reversed at greater depths, so that for really deep dives some method of heating the inspired 
gas may be necessary (5). 

Much work has been done on the effects of breathing cold air—as cold as — 55°C—but we 
know of no studies on the effect of breathing cold He mixtures at great depths for prolonged 
periods. At high rates of ventilation with relatively dense gas mixtures of high heat capacity, 
there is a very large heat loss affecting a limited area of the body, i.e., the upper respiratory 
tract. The possibility of laryngeal damage, edema, or functional impairment should therefore 
be anticipated. 

Suit Heat Loss 

As already stated, the insulation selected for the SeaLab III divers is closed-cell foamed 
neoprene. Many samples were tested to establish what material provides the best thermal 
insulation, resistance to compression, reexpansion in a high-pressure He atmosphere, and 
resistance to tearing and abrasion consistent with good flexibility. However, the best foamed 
neoprene available is by no means an ideal material for divers at depth. Indeed, the greater 
heat replacement requirements at depth are largely due to the special properties of foamed 
neoprene when it is exposed to pressure and an atmosphere with a large percentage of He. 

A materiaPs insulating efficiency is dependent on its thickness and thermal conductivity. 
When a 3 /16-in. wet suit is placed in a hyperbaric chamber and is slowly pressurized with He 
over 24 hr to 19.2 atm abs, the thickness decreases until about 4 atm abs, at which point it is 
50-55% of its initial thickness. There is essentially no further change at greater depth (Fig. 
2). 

During compression He diffuses into the neoprene, and O2 and N2 diffuse out. After arrival 
at 600 FSW diffusion of He continues, as shown by the gradual reexpansion of the wet suit 
to about 65% of its initial thickness (Fig. 3). 

The cells of the neoprene are now fihed with He at 19.2 atm abs; should a diver wearing 
such a wet suit now enter the water (which of course has no dissolved He), the neoprene would 
rapidly outgas and lose thickness (Fig. 4). The pressure within the cells, however, is still 19.2 
atm abs He, so that on return to the habitat there is no physical process to reexpand the neo­
prene, unless there is some sort of internal spring effect through which the neoprene cells tend 
to retain their volume and shape. Each subsequent dive will result in further loss of He so that 
a diver thus insulated is hable to end up with a very thin suit. 

The thermal conductivity of a 3/16-in. foamed neoprene suit equilibrated in air at the 
surface is about 0.045 BTU/hr-ft-°F. When the suit is equihbrated in He under the same con-
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FIG. 3. Reexpansion of neoprene wet suits after a slow compression to 6 0 0 F S W ( 1 9 . 2 atm abs) in a He 
atmosphere. ( · ) |-in. suit; (Θ) Ä-in. inner suit; ( • ) Ä-in. outer suit; ( Δ ) Ä-jn. single suit. 
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FIG. 4 . Change in thickness of He-equilibrated neoprene wet suits during immersion in air-equilibrated 
water at 4 ° C . (Θ) f-in. neoprene; ( · ) ^-iu. neoprene; ( • ) A-in. neoprene; ( Δ ) A-in. neoprene (theoretical 
value). 

ditions, its thermal conductivity is doubled, hence the insulation is halved. So at 600 FSW, 
after equilibration with He, the insulation is approximately one-fourth of its surface value, 
and will decrease with each dive. 

Incompressible Suits 

The obvious solution to the neoprene problem is the use of a suit made of incompressible 
material. We have examined various samples, some containing small tiles of rigid foam plastic, 
and one consisting of glass microspheres suspended in a mineral oil base. The former delami-
nated when the diver returned to surface from a simulated saturation dive in a He atmosphere. 
The glass microsphere material was an impressive technical achievement, but a suit made of 
it was unacceptably stiff and bulky and weighed over 40 lb. Before attempting further develop­
ment of such a suit, it would be advisable to carry out thermal conductivity tests in air and 
in He at pressure. The effect of decompression on the He-saturated material should also be 
investigated. 
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Dry Suits 

We feel now that the decision to reject dry suits was premature. Dry suits have the ad­
vantage of eliminating the flushing of cold water around the body; and if suit inflation is used, 
the insulative capacity at the surface is not too different from that at depth (provided the 
same inflating gas is used). Gases with low heat capacities, such as Freon and CO2, are ideal. 
An advantage of CO2 is that it can easily be absorbed chemically and therefore prevented from 
contaminating the breathing atmosphere of a PTC or underwater habitat. 

With conventional underwear and air inflation of the dry suit, insulation at the surface is 
not quite as good as it is with 3/16-in. neoprene (Davies and Montgomery, personal com­
munication, 1967), 1000 W being needed to maintain heat balance in our tank at 40°F. But 
there is little change with depth and the problem is simply one of supplying enough heat. 

A better gas-trapping undergarment is needed, however. Around a 6 ft diver who is upright 
in the water, for instance, there is a 3 psi pressure gradient between the top of the head and the 
soles of the feet. Conventional insulative garments are therefore compressed around the lower 
legs while the insulating gas tends to inflate the upper part of the suit. What is required is 
a 3 /8-in. material that is flexible yet resistant to compression, with small-diameter intercon­
necting cells or interstices. Fabricating such a material should not be beyond the capacity of 
the textile industry. 

Thermal Balance of Divers in Personnel Transfer Capsule (PTC) or Submersible 
Decompression Chamber (SDC) 

Saturation diving techniques demand that divers spend many hours in a submerged PTC 
or SDC. The steel shells of these chambers conduct heat more rapidly than water does, so 
that they must be insulated and heated to maintain the divers in thermal balance. 

The SeaLab III system utiHzes a PTC to transfer aquanauts from the deck decompression 
chamber (DDC) on the support vessel to and from the submerged habitat. A recent fatal in­
cident involving the SeaLab system underlines the vital importance of maintaining the divers 
in thermal balance, not only in the water but also in the PTC or SDC. 

In the incident referred to, the PTC was neither insulated nor heated. Furthermore, the 
insulation provided the aquanauts was a 3/8-in. foamed neoprene wet suit, but no supple­
mental heating system was made available. 

The PTC had been on the deck of the support ship, attached to the DDC, and pressurized 
to 19.2 atm abs. The chamber atmosphere was 98% He. To maintain the aquanauts' thermal 
comfort in this environment—they were wearing wet suits with 1 clo* of insulation—an am­
bient temperature of 85°F was required. The PTC was equiUbrated to the surrounding air 
temperature of 56°F. In their unheated suits, the aquanauts were conscious of the cold as soon 
as they were locked out of the warm DDC and into the PTC at 56°F. 

The descent of the PTC to 600 FSW was slow, requiring hr, during which time it equili­
brated with the 47°F thermocUne temperature. The convective loss at this pressure was greatly 
accelerated by the gas movement produced by the CO2 scrubbers and by the threefold in­
crease in the density of the He atmosphere over that of air at 1 atm. 

* clo is a unit of insulation described as 0.18°C/kcal-m2-hr. 
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Our calculations indicate that an aquanaut wearing a 3/8-in. foamed neoprene garment 
equilibrated with He at 19.2 atm abs would require approximately 1000 W of suit-heat re­
placement in a PTC under the circumstances described. Indeed, the rate of heat loss in the 
PTC in question was so high that when one aquanaut entered the 47°F water at 600 FSW 
after leaving the PTC, he stated that the immediate sensation was that of stepping into a 
hot bath. 

The consequent fall in deep-body temperature caused shivering, increased metabohc rate, 
and accelerated CO2 production with hyperventilation. These changes in turn may possibly 
have caused the acute dyspnea that the divers experienced when they donned their volume-
limited Mk 9 breathing apparatus. They wrongly attributed their dyspnea to an inadequate 
gas flow, which they endeavored to adjust by operating the bypass. It should be added that 
in warm water this same apparatus was used without difliiculty at the same depth in successful 
simulated working dives. 

Rather than heating the aquanauts individually while they are in the PTC, the better solu­
tion, of course, is to insulate the whole PTC and then to heat it by some simple means—e.g., 
a hot-water heat exchanger supplied from the surface. We estimate that some 12,000 W would 
be required for this purpose. This value would be considerably less if 1 /4-in. of efficient in­
compressible insulative material can be applied to the surface of the PTC. 

Heat Sources 

Finally, there may be an occasion when it is desirable to have a diver at depth who is in­
dependent of surface supply. Hence a self-contained source of heat is required. 

The possibilities are legion. For electrically heated suits, a metal-gas battery with replace­
able anodes offers an attractive solution. For a closed-circuit tubing suit, we have tested a 
radioisotope heat supply system. This system was inadequate, however, since most of the 
heat escaped into the surrounding water because the insulation was ineffective. Furthermore, 
7-radiation and the neutron flux from the ^^Ψη of the heating system limit the diver to about 
10 hr exposure every 3 months. But there is no doubt that an effective radioisotope heater 
could be designed using, for example, ^̂ T̂m (which is a emitter), if the cost could be justified. 

Battery-supphed heater-pump combinations have been designed and tested, and are satis­
factory for limited operations. More sophisticated systems are currently under consideration, 
such as high-temperature heat-of-fusion systems, chemical dynamic systems employing cataly­
tic burning of aviation fuel or metal foil, and a heat-pump system based on refrigeration prin­
ciples but operating in the reverse mode. All these possibilities are matters for technical de­
velopment. 

Commercial organizations accomplish successful dives in cold water by programming a 
rapid descent for the divers in a PTC, in addition to supplying them with adequate heat once 
they are in the water by flooding their suits with hot water from the surface. The experimental 
dives described in this paper have been unsuccessful because the heat replacement required 
was underestimated, both in the PTC and in the water. In SeaLab III this led to a fall in body 
temperature, increased metabolic rate, increased CO2 production, and, hence, acute dyspnea, 
which added to the distress of the divers. 

For a diver to be fully efficient, there must be no fall in body temperature. The necessary 
heat replacement may be calculated on simple thermodynamic theory. If the known properties 
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of the available insulative materials are taken into account, current engineering expertise 
can provide the thermal balance required. 
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PART Χ. TEMPERATURE BALANCE IN SHALLOW AND DEEP EXPOSURES* 

DISCUSSION 

J. D. Hardy, Chairman 

Dr. Miller: One other way of heating a man would be to use a latent heat system. We have used this 
system to keep mice warm in a chamber. I don't know how it would work in practice. If you take saturated 
sodium sulfate solution, the latent heat as it changes to crystalline hydrate at 32°C is quite high; and you can 
maintain a tank of this stuff at 32°C for a very long time. 

Dr. Rawlins: There are possibilities in latent heat diffusion systems; particularly for water which is not 
very cold. Suits have been proposed containing layers of material like sodium sulfate, and this works perfectly 
well. But you cannot have enough heat without a tremendous bulk if you are going to operate at great depth 
and in cold water. The preferred system for heat diffusion is to use an intense heat diffusion system—lithium 
hydroxide, lithium fluoride, eutectic mixtures—and to store heat at around 800°F. This can be used to boil 
water to drive a steam engine (and you can make a very small steam engine), and then some of the steam 
from that can be added to water circulated around the man. 

The answer is that latent heat systems have great possibilities, but the technology is quite complex. 
Dr. Hills: I think most of us are aware that the thermal conductivity of He is several times greater than 

that of air, but the rate of evaporation of water can go up many times in He. I was very impressed by an 
experiment I saw about two years ago in Brisbane, in which they had a large solar evaporator in which they 
had replaced air by He and had about 50 times the rate of evaporation and condensation. This is a very large 
factor and I wondered whether you had found similar heat losses. 

I should also like to know whether induction heating has been tried, whether a diver could have a muff so 
that if his hands felt cold he could put them into the muff and would have induction deep heat. 

Dr. Rawlins: I have never heard of it being tried. We think hot water is so good that we are prepared 
to settle for that most of the time. 

Chairman Hardy: As a heat transfer fluid, there is nothing to beat water. 
Dr. Webb: The respiratory heat loss data which Dr. Rawlins has shown is a rather alarming extrapolation. 

It is only fair to point out that it was for an open breathing system where all of the exhaled gas is essentially 
thrown away. For a recirculated system, if the apparatus can be kept from getting as cold as the water, then, 
of course, you conserve respiratory heat because you rebreathe much of the gas. Also, as you suggested, you 
can heat the inspired air by simply passing the expired air through a passive heat exchanger and letting the heat 
exchange just outside the mouth. 

I also wanted to ask Dr. Craig if he has found specific limits for the tolerable loss of body heat content. 
There are tolerance hmits in cold exposure which are often described in terms of the total number of kilo-
calories per man. A limit for survival might be in the neighborhood of 150-200 kcal. By this time you begin to 
get very ineffective indeed. 

Dr. Craig: No, Dr. Webb. One of the problems is that the estimates of heat loss in terms of calories in 
water are basically derived from indirect calorimetry, using standard factors. But until we can do experiments 
in a calorimeter and capture the calories, literally measure them, we will not really know the heat loss quanti­
tatively. 

Dr. Webb: I think direct calorimetry, for which there are new techniques that are very interesting, will 
be the answer. It will help solve the problem of what to do in the repetitive diving situation, where instead of 

* Panelists: A. B. Craig, J. S. P. Rawlins, H. T. Hammel. 
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just the decompression tables based on inert gas uptake and elimination in repetitive dives, we need similar 
information for repetitive dives in terms of heat content—the loss of body heat and how quickly it is replaced. 

Chairman Hardy: It seems to me that the body temperature would be much more of an index rather 
than the number of calories. If the thin man loses a calorie, it is a lot more important to him than the loss 
would be to a fat man, since the mass of the two men is different and the number of calories depends upon 
the mass as well as temperature drop. 

Dr. Beckman: I certainly agree with Dr. Hardy because the important thing that we found is not what 
the ambient temperature is, but the total caloric loss which the individual can tolerate. 

Secondly, as one can easily see, if the skin temperature or the shell temperature drops to ambient water 
temperature, which may very well be at 10°C, you can lose a great deal of heat. However, if you can maintain 
the core temperature you do well. But this situation does not last. 

I would agree with Dr. Craig that the information which is available on allowable heat loss, at least in 
water, was obtained by indirect calorimetry. However, in order to check this work, we did measure the heat 
loss on immersion subjects. We were able to do two experiments using Dr. Benzinger's gradient calorimeter and 
the inaccuracies of our indirect methods were not really great after all when we checked them in the gradient 
calorimeter. 

I also want to ask Dr. Horvath about the amount of heat that one can lose, since he is an expert on heat 
loss in air. 

Dr. Horvath: Most people have forgotten that the absolute temperature of a man is much more important 
than is the amount of heat he loses in terms of calories. A man who weighs only 50 kg and loses 100 cal has a 
real serious problem. His deep body temperature may be lowered to about 33°C. At such a low temperature 
this man will not be very functional. In the few experiments in which we have carried subjects down that low, 
they had a considerable amount of difficulty. 

Another problem which almost everybody has ignored has to do with whether or not people become 
adapted to cold water. In SeaLab II we had pretty good evidence that there was an adaptive process occurring 
in the divers, and their ability to tolerate the cold was better after they had been going in and out of the cold 
water for 2 weeks than it was before they started. So there is a problem of adaptation which also has to be con­
sidered. The absolute heat loss, while it may be important, is only important in terms of what it does to the 
body temperature. 

Chairman Hardy: Dr. Craig, it has been my impression that humans do not truly adapt to cold very 
much and if they do it is a kind of habituation rather than a true acclimatization. You observed a 30% increase 
in basal metabolic rate, which is not likely to do anything for the diver. However, I do think that both the 
behavioral type of adaptation, which one might call habituation, and the physiological adaptation may have 
to be taken into consideration. 

Dr. Craig: I would like to turn your question over to Dr. Hong who is responsible for these observations. 

Dr. Hong: About 10 years ago when we started working on Korean Ama, we noted that they dived in 
cold water. At that time we did not know how cold the water was, so I went down with a thermometer and 
measured it, and the temperature was about 10°C. We were surprised and shocked. We could not imagine how 
they could tolerate it. 

The first thing we did was to measure their oral temperature at the end of a diving shift, which lasted about 
10-15 min, although some dived about 30 min. The oral temperature at the end of the diving shift was 32°C, 
which is very low. Then we checked the rectal temperature and, as Dr. Craig said, at the end of the diving 
shift it was about 35°C. 

Considering this reduction in cold temperature by 2°C within 15 min, we began to wonder about the 
extent of the cold distress they are getting. Then, of course, we began to wonder about the possible development 
of cold adaptation. 

We know that whether metabolic adaptation occurs in human beings has been argued. Data obtained on 
Eskimos have been criticized on the basis of uncontrolled protein intake. 

In demonstrating this metabolic adaptation, we did an experiment covering a period of about 3 years. We 
had 20 diving women and 20 nondiving women living in the same community, belonging to the same socio­
economic class. We found out that their protein intake was about the same, although the carbohydrate intake 
was somewhat different. Ama ingest about 1000 kcal more than nondivers, possibly because they lose more 
heat through cold water. 

When we studied their basal metabolism seasonally during the first year, we found that the basal metabo-
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lism of Ama increases in winter about 30%, as compared to nondivers. And it decreases again in spring and 
summer. In the middle of the summer this difference between the Ama and other women disappears. 

We have also studied thyroid functions and the data on thyroid functions are more complex, and we are 
still thinking about interpretation of the data. But this seasonal increase in basal metabolism such as we found 
in winter is highly reproducible; the interpretation could be different, but the facts are there. 

Dr. Brauer: Sea lions do well in cold water with the type of insulating material they have. It occurs to 
me that it would be worthwhile to study some of the insulating materials that the diving mammals do well 
with. Certainly they are not bulkier than some of the insulated suits I have seen used. 

Chairman Hardy: You mean some good old whale blubber? 
Dr. Rawlins: I suspect such insulation is not entirely static, but is a dynamic insulation. I also suspect 

that if you wrap yourself in a tube of blubber you may not keep as warm as you might hope and you would 
not do as well as a seal would with the same amount. 

The other thing is that one always has to bear in mind that the diver has to get in and out of the water 
as well as being in the water, and nongaseous insulation is heavy. 

Chairman Hardy: Perhaps one should encourage the divers to be fatter than the normal individual. 
Dr. Brauer: We have considered the effect of exposure of the entire body surface to cold. In clinical 

medicine the immersion of a hand in cold water produces effects, and cold exposure of the diver does involve 
local cooling. Also, under conditions where the body is enveloped either in a standard wet suit or in an air-
insulated suit, shifting from air to He as a breathing medium often leaves the diver with the impression that 
he is very uncomfortably cold. From what I have heard, this comes on so quickly that I find it extremely difficult 
to believe that it is the result of heat loss. Can you tell me to what extent we should be concerned not with 
overall heat loss but with the type of information fed to the CNS about the heat balance of the individual? 
In that connection arises the question of many of us having experienced paradoxical thermal responses during 
protracted helium exposures in chamber environments, where hot and cold sensations occur at the same time, 
with shivering and profuse sweating. 

Chairman Hardy: This question concerning the relative importance of central and superficial input in 
thermal sensing and regulation is still under extensive investigation and discussion today and is extremely 
complex. 



Q U A N T I T A T I O N O F P E R F O R M A N C E D E C R E M E N T S I N 
N A R C O T I Z E D M A N 

James G. Dickson, Jr., C. J. Lambertsen, and John G. Cassils 

Over many years there has accumulated a sizable body of both subjective and quantitative 
information describing effects of narcotic substances, including narcotic gases, upon various 
parameters of human performance (2, 6, 8, 10). Gases such as Ar, Ne, N2, and N2O have been 
shown to cause measurable impairment of function, ranging from interference with accomplish­
ment of relatively simple sensory and motor tasks to disruption of more complex cognitive 
abihties (1, 3-5, 7, 9, 11, 13-16). In general, such studies have shown that for any single index 
of narcosis, the degree of performance decrement is related to the characteristics of the gas 
chosen and to its absolute pressure, or dose. 

In the case of narcotic gases (as with other narcotic agents), precise information regarding 
the pattern of performance impairment under conditions progressing from hght to deep nar­
cosis is quite limited. In a previous paper from this laboratory (12) attention was called to 
this limitation and especially to the need for obtaining such data over the complete range of 
narcosis from zero effect to complete loss of purposeful function before it will be possible to 
predict quantitatively the tolerance of man to high pressures of various inert gases. It was 
further stated that the pattern of progressive impairment of a given human function, from 
the earliest detectable change to the abolition of function, as inert gas pressures increased could 
be expected to take the form of the classical S-shaped pharmacological dose-response curve. 
Since this curve is a mathematical entity, it would provide a basis for systematic analysis 
and comparison of inert gas effects (12). 

To test this prediction, we gathered quantitative data on the performance of eight resting 
human subjects during inhalation of N2O at several different concentrations. A dehberate 
attempt was made to select highly motivated, cooperative subjects so that any motivational 
changes occurring under narcosis might be minimized. The performance tests selected were 
of two general types. The first series consisted of tests of visual-reaction time in response to 
light stimuli. Both simple reaction times and performance in a four-choice reaction test were 
measured. Intentionally, techniques duphcated as closely as possible those used previously 
by Frankenhaeuser et al, (9). The second series was a group of written tests of cognitive abihty 
adapted from standardized tests prepared by the Educational Testing Service, Princeton, 

4 4 9 
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Test Function tested 

Arithmetic Multiplication and subtraction 
Card rotation Spatial orientation 
Number comparison Perceptive speed 
Letter set Inductive reasoning 
Memory Short-term memory 

All five cognitive tests were administered during the same exposure period at each level of 
N2O; to prevent repetition of identical tests by a subject, content was varied within each test 
format as the N2O level changed. 

Nitrous oxide in 21% O2 was administered at atmospheric pressure in 20, 30, 40, and 50% 
concentrations. As a result of preliminary study, a maximum *'dose'^ of 50% N2O was chosen 
as being near the highest which could be tolerated by all subjects, allowing sufficient residual 
responsiveness to permit testing. At each gas dose the test procedure shown in the following 
tabulation was followed: 

Elapsed time (min) Procedure 

0-10 Equilibration to new level of 
N2O; practice on reaction test 
device 

10-15 Visual reaction tests 
15-28 Written cognitive tests 

Control data for normal performance were collected while each subject breathed air, both 
before and after he breathed N2O. The order in which the various N2O doses were administered 
varied systematically from subject to subject. Prior to the experiment the subjects received 
sufficient training in carrymg out the visual reaction tests to stabilize performance and were 
instructed how to perform the written tests. Prior to beginning the study they were repeatedly 
famiharized with the subjective sensations hi volved in N2O breathing. 

Effects of Nitrous Oxide on Visual Reaction Performance 

The subjects' abihty to perform the visual reaction tests decreased as the inspired N2O 
concentration was increased (see Fig. 1). Both in the simple reaction (speed) and the choice 
reaction (time and accuracy) tests, progressive deterioration occurred as the N2O dose was 
increased. The line defining accuracy was obtained from choice reaction test data by dividing 
the number of problems performed correctly by the number of problems presented. Although 
the degree of impairment was not sufficient to permit conclusions regarding the pattern of 
visual reaction response to be expected with still higher doses, the increasing impairment as 
the N2O level rose is compatible with the S-shaped dose-response curve predicted for narcosis. 

N.J. The cognitive tests and the functions tested are shown in the foUowing tabulation: 
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FIG. 1. Effect of breathing N2O on performance of visual reaction tests. Mean values in eight subjects. 

Effects on Cognitive Functions 

With increasing pressures of N2O, there was a progressive impairment in the performance 
of all the subjects in all of the cognitive tests. The impairment was minimal at low N2O levels 
and severe at the maximum level. Some subjects, although conscious and responsive to ques­
tioning, were completely unable to perform independently a particular test at the highest 
N2O level used. Figure 2 shows results obtained in one of the cognitive tests, the number 
comparison test; the results were generally representative of those of all five cognitive tests 
used. 

Accuracy scores represent the number of problems answered correctly divided by the 
number of problems attempted during the time allowed at each N2O level. Speed scores repre­
sent the number of problems attempted, and the combined scores represent the number of 
problems solved correctly. There was progressive decrement in accuracy, speed, and the 
combination of speed and accuracy as the inspired partial pressure of the narcotic gas increased. 

For further analysis, the combined scores (number of problems answered correctly under 
test conditions as compared with control conditions) were plotted on probability coordinates 
and a linear regression drawn through the data. Figure 3 is a replot of these data and the 
derived regression line on rectangular coordinates. The regression line necessarily takes the 
form of an S-shaped curve when plotted in this manner. However, it is evident that the actual 
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FIG. 2. Effect of breathing N2O on perceptive speed (from number comparison test). Mean values in 
eight subjects. 
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FIG. 3. Derived regression curve of effect of breathing N2O on perceptive speed (number comparison test). 
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FIG. 4. Effect of breathing N2O of increasing concentrations on performance of various written cognitive tests. 

experimental points relate closely to the theroretically derived curve. An indication of the 
likelihood that an S-shaped relationship exists for all of the functions studied is that for the 
reaction time and for all five cognitive tests there is a remarkable degree of linearity when 
the data are plotted on probability coordinates. 

Figure 4 shows the results of all five cognitive tests performed, the regression curves being 
derived as they were in the number comparison test. Through an inspection of these curves, 
we can get a clearer picture of the effects of N2O on the cognitive functions studied. First, each 
function showed progressive impairment as PINZO was increased. The pattern of the narcotic 
impairment in each case, over the range of impairment studied, is also quite consistent with 
the predicted S-shaped pharmacological dose-response curve. Changes induced by N2O in 
these cognitive functions, even though they are neurophysiologically complex, appear to occur 
in a manner similar to the pattern of other and simpler drug-induced biological responses. 
Finally, differences in narcotic effects upon the several different functions can be seen from 
the curves. Such differences can take two general forms. One is of position reflecting a degree 
of narcosis necessary to produce a demonstrable effect. This is in some biological systems 
considered to represent a *'threshold'* for effect, but this is probably not true in the more 
complex systems studied here. The differences in slope could be considered as reflecting sen­
sitivity of the neurological mechanisms involved. For example, the curves for short-term mem­
ory and for spatial orientation, while parallel, are displaced from one another positionally 
and indicate chiefly a difference in dose required to produce significant effects. Decrement 
in memory is readily apparent at the 20% N2O level, while a much higher dose is required for 
a comparable loss in spatial orientation. On the other hand, a comparison of the curves repre­
senting short-term memory and perceptive speed (number comparison) reveals a significant 
difference in slope. Although equivalent decrements at low doses of N2O indicate that these 
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functions are roughly equally affected by low doses of the narcotic gas, the steeper slope for 
loss of capacity for short-term memory clearly shows that memory is more sensitive to in­
creasing doses of N2O than is perceptive speed. This finding with respect to memory impair­
ment is consistent with those of other investigators (13, 14, 16). 

Application of Dose-Response Data to Human Performance at Increased Ambient 
Pressure 

These data concerning effects of N2O at sea level pressure were obtained as a step toward 
quantitative prediction of human performance while breathing other gases at increased am­
bient pressure. It is probable that under increasing pressures of another inert gas (such as N2), 
the decremental pattern of a particular function will follow an S-shaped curve similar to that 
produced by increasing pressures of N2O. It is even possible that, when N2 (or other inert 
gas) is breathed at increased pressure, the relationships among the performance curves for 
various functions will be similar to those found during N2O breathing at atmospheric pres­
sure. Such findings would be compatible with the existence of common mechanisms for the 
production of narcosis by the several inert gases. It is now necessary to determine whether the 
dose-effect relationships found for N2O can in fact be empirically linked to performance dec­
rement produced by increased partial pressures of N2, Ar, Ne, and, eventually. He. By ac­
complishing such a cross correlation of dose and effect for the several gases at critical effect 
levels, it should be possible to derive the needed predictive capabihty for a wide range of 
pressures and mixtures of inert gases. 

A further advantage of the quantitative dose-response curves for N2O is in dehneation of 
the effects of factors which can modify inert gas narcosis (such as CO2, hypothermia, drugs, 
and exercise). These too should be approached experimentally as far as possible through col­
lection of dose-response information across the full range from light to deep narcosis. The 
definition of the nature and degree of performance decrement produced by inert gas narcosis, 
alone and in conjunction with other factors, will become increasingly important as man pushes 
toward the limits of his mental and physical performance in the sea. 

ACKNOWLEDGMENT 

This work was supported in part by grants (HE-08184 and HE-08899) from the National 
Institutes of Health and by a contract (NONR 551) with the Office of Naval Research. 

REFERENCES 

1. Adolfson, J. (1967). Human performance and behavior in hyperbaric environments. Acta Psychol. 
Gothoburgensia 6, 1-74. 

2. Behnke, A. R., Thomson, R. M., and Motley, E. P. (1935). The psychologic effects from breathing air at 
four atmospheres pressure. Amer. J. Physiol. 112, 554. 

3. Behnke, A. R., and Yarbrough, O. D. (1939). Respiratory resistance, oil-water solubility, and mental 
effects of argon, compared with helium and nitrogen. Amer. J. Physiol. 126, 409-415. 

4. Bennett, P. B. (1966). "The Aetiology of Compressed Air Intoxication and Inert Gas Narcosis." Pergamon 
Press, Oxford. 

5. Bennett, P. B., and Glass, A. (1961). Electroencephalographic and other changes induced by high partial 
pressures of nitrogen. Electroencephalogr. Clin. Neurophysiol. 13, 91-98. 



QUANTITATION OF PERFORMANCE IN NARCOTIZED MAN 455 

6. Bert, P. (1878). "La Pression Barométrique" (translated by M. A. Hitchcock and F. A. Hitchcock). 
College Book Co., Columbus, Ohio, 1943. 

7. Case, E. M., and Haldane, J. B. S. (1941). Human physiology under high pressure. / . Hyg. 41, 225. 
8. Damant, G. C. C. (1930). Physiological effects of work in compressed air. Nature (London) 126, 606. 
9. Frankenhaeuser, M., Graif-Lonnevig, V., and Hesser, C. M. (1963). Effects of psychomotor functions of 

different nitrogen-oxygen gas mixtures at increased ambient pressures. Acta Physiol. Scand. 59, 400-409. 
10. Hill, L., and Macleod, J. J. R. (1903). The influence of compressed air on the respiratory exchange. 

J. Physiol. (London) 29, 492. 
11. Kiesshng, R. J., and Maag, C. H. (1962). Performance impairment as a function of nitrogen narcosis. 

Appl. Psychol. 46, 91-95. 
12. Lambertsen, C. J. (1967). Basic requirements for improving diving depth and decompression tolerance. 

In "Proceedings of the Third Symposium on Underwater Physiology" (C. J. Lambertsen, ed.), pp. 223-240. 
Wilhams & Wilkins, Baltimore, Maryland. 

13. Parkhouse, J., Henrie, J. R., Duncan, G. M., and Rome, H. P. (1960). Nitrous oxide analgesia in relation 
to mental performance. Pharmacol. Exp. Ther. 128, 44-45. 

14. Russell, R. W., and Steinberg, H. (1955). Effects of nitrous oxide on reactions to "stress.'' Quart. J. Exp. 
Psychol. 7, 67-73. 

15. Shilling, C. W., and Willgrube, W. W. (1937). Quantitative study of mental and neuromuscular reactions 
as influenced by increased air pressure. U.S. Nav. Med. Bull. 35, 373-380. 

16. Steinberg, H. (1954). Selective effects of an anaesthetic drug on cognitive behaviour. Quart. J. Exp. 
Psychol. 6, 170-180. 



P S Y C H O L O G I C A L , P H Y S I O L O G I C A L , A N D B I O P H Y S I C A L 
S T U D I E S O F N A R C O S I S 

Peter B. Bennett 

The problem of inert gas narcosis, like the majority of other saturation diving problems, 
requires a multidisciplinary approach to measure effectively and understand the mechanisms 
involved and to develop a means for its prevention. With the advent of more sophisticated 
diving techniques, major concern in the matter of man's hmitations at depth has shifted from 
decompression sickness to other factors—e.g., hydrostatic pressure, the narcotic action of 
inert gases, respiratory embarrassment, and more recently observed phenomena, such as 
He tremors and convulsions (8). All these problems can adversely affect man's capabihty at 
depth—and often they all exist at the same time. 

This paper will discuss briefly various investigations that indicate connections between 
seemingly unrelated problems in saturation diving and the benefits to be gained from a multi-
disciplinary approach to solving them. 

Psychological and Physiological Testing for Narcosis 

One of the greatest diflSculties encountered in deep diving studies is effective measurement 
of the performance impairment caused by such conditions as inert gas narcosis. In the past, 
rehance has been placed on psychological evaluation, yet there has been httle conformity 
among the tests or techniques. The inherent problems of most psychological tests (e.g., training 
effects and differing motivation among subjects), combined with the possible synergistic action 
of such variables as O2, CO2, and pressure, make comparison of results extremely difläcult. 
The solution to many of these problems appears to be a suitable physiological test for narcosis 
that is less sensitive to subject manipulation than are existing ones (23), together with care­
fully controlled experiments to establish the degree of synergistic involvement of such factors 
as pressure, O2, and CO2. 

Previous attempts to find a suitable physiological test based on such indicators as changes 
in the EEG (9) or the fusion frequency of flicker (7) were not entirely successful. However, 
the steady evolution of our understanding of the electrical activity of the brain now suggests 
other methods—in particular, the use of potentials evoked in the brain by a sharp sound or 
flash of hght. As an example of the use of this method, measurements of the amphtude of the 
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FIG. 1. Average of typical human AER after 60 clicks. There is an initial positive potential (Pi) at 50 msec, 
followed by a large negative wave (Ni) at 90 msec; P2 occurs at 160 msec, and sometimes N2 at 270 msec (6). 
(By permission of the publishers.) 

auditory evoked response (AER) in cats exposed to high pressures of inert gases showed a 
significant depression (3). Although the amplitude of the AER in man is only some 10 μΥ in 
a spontaneous activity of 50 μΥ, it can be measured by modern averaging computers. 

In a recent series of experiments (6) electrodes were attached to the vertex of the subject's 
head and to the right or left occipital and sphenoidal areas. Sharp sounds or clicks, triggered 
by an averaging computer, were transmitted through binaural earphones at the rate of 1 /sec 
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FIG. 2. The mean percentage change in the amplitude of the ÍV1-P2 wave of the AER of five divers exposed 
to increased depths while breathing air (6). 2/ = 0.23a: - 9.4; r = 0.98. (By permission of the pubhshers.) 
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FIG. 3. The mean percentage decrement in the number of multiplication problems correctly performed in 
a test by five divers exposed to increased depths while breathing compressed air. Results of changes in the AER 
and the number of multiplication problems attempted at the same time are shown in Figs. 2 and 4, respectively 
(6). y = 0.15a: - 12.1; r = 0.99. (By permission of the publishers.) 

for periods of either 1 or 5 min, and the averaged response was displayed on an X-Y plotter. 
A typical result is shown in Fig. 1. 

Figure 2 shows the effects of exposure to increasing depths on the ÍV1-P2 amplitude. At 
depths greater than 150 FSW (5.5 atm abs), there is a significant decrement in the amphtude 
of N1-P2, which correlates well with increasing depth. 
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FIG. 4. The mean percentage decrement in the number of multiplication problems attempted in a test 
performed by five divers exposed to increased depths while breathing compressed air. Results of changes in the 
AER and in the number of multiplication problems correctly performed at the same time are shown in Figs. 2 
and 3, respectively (6). 2/ = 0.087x - 2.8; r = 0.99. (By permission of the publishers.) 
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FIG. 5. Correlation between the percentage decrement in number of multipHcation problems attempted and 
the percentage decrement in the ÍV1-P2 wave ampUtude of the auditory evoked response in five divers exposed to 
increased pressures of compressed air as shown in Figs. 2 to 4 (6). 2/ = 0.38a; + 1.1; ^ 0.99. (By permission 
of the publishers.) 

The mean changes in the AER of five divers breathing compressed air at 50 FSW (2.5 atm 
abs) intervals to 300 FSW (10 atm abs), as indicated by measurement of the amplitude of 
the ÍV1-P2 wave, were compared with the divers^ ability to perform a test of two-digit by one-
digit multipUcation (6). The Λ^ι-Ρ2 decrement was accompanied by a decrease both in the 
number of multipHcation problems attempted and the number done correctly (Figs. 3 and 4). 
The correlation between decrements in the number of multiplication problems attempted and 
the Λ^ι-Ρ2 wave is 0.99 (Fig. 5); the correlation is 0.95 when the number of correct multipli­
cations and the decrement in amplitude of the AER are compared. This test is therefore as 
effective as the much-used arithmetic test in quantifying inert gas narcosis, and it has the 
major advantage of objectivity, which is lacking in most psychological tests. 

Some of the AER amplitude variation among individuals indicated by the standard errors 
of the mean in this study might have been reduced by controlling diving frequency, for it 
was found that men who dived daily prior to the test showed only a 40% reduction in ampli­
tude in comparison with the novices' 60%. Production of the click by tone noise at 200-350 
msec and 90 dB, rather than the 60 dB used in the present study, also markedly reduces in­
dividual amplitude variation. 

The possible synergistic effects on the narcosis of pressure (17) or O2 (16, 19) were studied 
through use of the AER and multiplication test with five divers who breathed air or He -02 
at 300 FSW and O2 at 33 FSW. Unexpectedly, the He-Os mixture produced a 29% mean re­
duction in the AER without a concomitant reduction in arithmetic efficiency. Furthermore, 
pure O2 at 33 FSW (2 atm abs) caused a similar reduction (27.8%) in the AER, again without 
a reduction in arithmetic efficiency (Table I) . 

Ten divers, breathing a N2-He -02 mixture, were exposed to 300-FSW (10 atm abs) pres­
sure. Helium at 1.8 atm abs (leaving only 0.2 atm abs O2) was used in place of pure O2 at 2 
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T A B L E I 

M E A N PERCENTAGE CHANGE IN N1-P2 W A V E OF A E R AND MULTIPLICATION EFFICIENCY 

DURING FIRST 5 M I N AT DEPTH (6)° 

Mixture at 300 FSW 
Air at 300 FSW 02-He at 300 FSW 0.2 atm abs O2 

2.0 atm abs O2 2.0 atm abs O2 O2 at 33 FSW 1.8 atm abs He 
8.0 atm abs N2 8.0 atm abs He 2.0 atm abs O2 8.0 atm abs N2 

Spike height N1-P2 -55 .5 ± 10.5 -29 .4 ± 4.6 -27 .8 ± 8.0 -54 .1 ± 4.3 
Arithmetic correct -31 .2 db 10.95 + 6.3 ± 7.1 + 1.0 ± 5.7 -30 .0 ± 5.3 
Arithmetic attempted -28 .0 ± 11.8 + 7.5 ± 4.6 + 1.3 zt 5.7 -23 .9 ± 4.7 

° By permission of the publishers. 

atm abs to determine if removing most of the O2 would result in a smaller decrease in the 
AER and less narcosis. However, the result was no different from what it had been when the 
subjects breathed compressed air; the mean AER decrement was 54.1% and there were equiva­
lent decrements in arithmetic ability (Table I). On the basis of these experiments, one can 
conclude that O2 does not seem to be synergistic, and the fundamental role of N2 in narcosis 
is supported. The role of CO2 as a narcotic will be estabhshed shortly on a similar basis. 

The results of other experiments (1, 5) involving measurements at surface, 33 and 66 FSW 
(1, 2, and 3 atm abs) indicate that O2 at various hyperbaric pressures also will depress the 
AER, as will altitude hypoxia (Fig. 6). These and other results suggest the possibihty that 
both high and low O2 pressures can produce conduction deficiencies in the brain, thus acting 
as narcotics. However, such deficiencies are insufficient to cause mental impairment before 
some other factor such as enzyme inhibition becomes involved and convulsions result. For 
example, unpublished work by J. D. Wood and me showed that although the concentration 
of the inhibitory nerve transmitter γ-aminobutyric acid falls in the rat brain before the animal 
convulses, no such change occurs with inert gas narcosis. 
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FIG. 6. Mean percentage change in N1-P2 wave of A E R and multiplication efficiency during first 5 min 
exposure to increased O2 pressures and altitude (1). 
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Biophysical Mechanisms of Narcosis 

Speculation continues regarding the mechanism of narcosis, but biophysical explanations 
related to the polarizabihty and volume of the inert gas molecule appear to be the most proba­
ble (4, 15, 26, 33, 34). The majority of the physical theories relate to two phenomena, either 
separately or together—interference with the release of the chemical transmitters necessary 
for transmission of the nerve impulse across the synaptic gap and a block of the ion exchange 
across the cell membrane. 

Another hypothesis is based on the formation of clathrates (29), or ^'iceberg'^ formation 
(25), and much controversy revolves around whether the fundamental site of narcosis is in 
the lipid or aqueous phase. However, Miller et al. (24), working with F compounds, found 
no evidence to support the aqueous phase as the site of action. 

Clements and Wilson (14) have suggested that the difference between hydrate and lipid 
theories is irrelevant, as the narcotic agent forms lipid-protein-water-narcotic complexes 
in cellular membranes. Their work on the affinity of narcotics such as N2O for interfacial films 
or model membranes of stearic acid or lipoprotein led them to conclude that ''inert gases, 
sufficient to bring about a standard effect in a biological system, act on a lipoprotein-water 
interface to cause a standard decrease of 0.39 dyne/cm in the interfacial tension.^' This de­
crease in tension will result in a tendency to expand the model membrane, replace water at 
the interface, or change the dielectric constant at the interface. Such effects, Clements and 
Wilson suggest, might result in changes in permeabihty or alter the critical structural rela­
tionships in the enzymes that support phosphorylation and electron transport in mitochondrial 
membranes. The results of this work also support the hypothesis that lipids play a fundamental 
causative role in inert gas narcosis. 

10 

1 ' 
0 

^ 6 

< 4 Ar 

Q) 
CO 

ε 

•e 0 
ω σ> c 0 

H e 
•e 0 
ω σ> c 0 
6 _ 2 1 1 1 1 1 6 _ 2 

200 400 600 

P r e s s u r e of ine r t g a s ( p s i ) 

FIG. 7. Penetration of an egg phospholipid monolayer or model membrane system by inert gases, O2, and 
CO2 at increased pressures. All the gases except He adsorb to the membrane (11). (By permission of the 
publishers.) 
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T A B L E I I 

M E A N CHANGES IN IONS IN CEREBROSPINAL FLUID OF FIVE CATS AFTER 1-HR EXPOSURE TO 

VARIOUS BREATHING MIXTURES AT 330 F S W FOLLOWING A I R BREATHING (10)« 

Values after 1 hr of breathing 

Ions 

Air at atm pressure 20% 02-80% He 20% O2--80% N2 20% 02-80% Ar 

Ions Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M. 

Sodium + 7.6 ± 4 . 4 + 4.8 ± 2.1 - 14.2 ± 3 . Ρ - 11.2 ± 3.4^ 

Potassium - 0.1 ± 0.22 - 0.1 ± 0.25 - 0.54 ± 0 . 1 8 + 0.14 ± 0.29 

Chloride + 0.6 =b 1.4 + 0.6 zt 0.7 - 9.6 ± 3.0*^ - 6 .0 ± 2.7̂ ^ 

° By permission of the publishers. 
^ Ρ > 0.01. 
<^ Ρ = 0.05 - 0.02. 
^ Ρ = 0.05. 

On the basis of the Meyer-Overton theory—i.e., that narcosis commences when any chemi­
cally indifferent substance has attained a certain molar concentration in the lipids of the cell 
(22, 27)—an increased ion permeabihty can be expected to result, whereas the hydrate theories 
predict a decreased ion permeability. In further support of the hpid theory are the ion per­
meability experiments of Bangham et al. (2), who adapted a model membrane system developed 
by Clements and Wilson (14) to study the effects of η alcohols, chloroform, and ether on 
membrane permeability. They concluded that '^narcosis represents a transient reversible 
increase in membrane permeability to cations, higher concentrations resulting in a degree 
of permeabihty which the energy-driven pumps in biological membranes cannot keep up 
with.'' 

More recent work (11) has established that at increased pressures, O2, CO2, and inert gases 
also will adsorb to lipid membranes. Monolayer pressures or surface tensions were obtained 
with a platinized needle attached to the transducer of a microforce balance. The needle was 
dipped in a polythene trough containing an aqueous solution on which was spread a phos­
pholipid monolayer. As the gas pressure increased, N2, Ar, O2, and CO2 produced a linear in­
crease in film pressure (Fig. 7); but He, even under pressures as high as 1600 psi (and Ne in 
a similar experiment) failed to penetrate the membrane. The most significant adsorption was 
by CO2, followed by O2, Ar, and N2; the degree of penetration agreed with the predictions of 
Clements and Wilson (14). 

In conjunction with these experiments measurements were also made, using the technique 
of Bangham et al. (2) of the effects of high pressures of Ar, N2, and He on the permeability 
of 22Na+ from liquid crystals, but the results were inconclusive (11). 

However, measurements of the concentration of sodium, potassium, and chloride ions in 
the extracellular or cerebrospinal fluid of cats exposed to 330 FSW (11 atm aJDs) may provide 
support for the permeability theory (10) (see Table II). There was a significant fall in the 
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FIG. 8. Mean percentage change in excretion of calcium ions in the urine of divers breathing air at various 
pressures and an 02-He mixture at 3 0 0 - F S W (10 atm abs) pressure. Comparison of values obtained at experi­
mental and atmospheric pressures revealed a significant decrement with compressed air but none with He-02; 
O2 at 2 atm abs (33 F S W ) also produced no change (30). i/ = 96 - 0.53a;; r = - 0.968; Ρ < 5%. (By 
permission of the publishers.) 

sodium and chloride ion concentration in animals exposed to Ar -02 and N2-O2 mixtures, which 
was accompanied by narcosis, as determined by the decrement in AER. Potassium was un­
affected, and neither the control animals exposed to air at 1 atm abs nor those animals exposed 
to the He-02 mixture under pressure showed significant changes in sodium or chloride levels. 

Similar changes have been reported at high O2 pressures by Kaplan and Stein (20) ; and 
Radomski and I (30) have found electrolyte changes in the urine of divers during exposures 
to 150, 200, 250, and 3 0 0 FSW for up to 1 hr. Significant decreases were found in Na and Ca 
excretion, which correlated with increasing PN2 and were reversible upon decompression 
(Figs. 8 and 9 ) . At comparable partial pressures. He and O2 had no effect on these electrolytes. 
It is of interest that similar electrolyte shifts have been reported during general anesthesia 
and in alcohoUc intoxication (28) . 

Although these changes were related to PN2> they are also a function of increasing depth 
and might well be due to other factors, such as an acidosis (21, 31) , or, more probably, to a 
combination of increased N2 and CO2 tensions. 
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FIG. 9. Mean percentage change in excretion of sodium ions in the urine of divers breathing air at various 
pressures and an 02-He mixture at 3 0 0 - F S W (10 atm abs) pressure. Comparison of values obtained at experi­
mental and atmospheric pressures revealed a significant decrement with compressed air but none with He-02; 
O2 at 2 atm abs (33 F S W ) also produced no change (30). y = 36 - 0.26x; r = - 0.904; Ρ < 5%. (By 
permission of the publishers.) 

Helium Diving 

That He did not penetrate the model membrane, even at depths as great as 3500 FSW 
(107 atm abs) is significant, for it suggests that He is not a narcotic, and that He tremors and 
the decrement in performance found in some deep He dives are caused by other factors, such 
as CO2 retention. 

It is now clear that He tremors can be virtually eliminated by ensuring a slow rate of com­
pression, low P02, and comfortable temperature, although recent animal studies suggest that 
the tremors may recur at greater depths (18). Brauer (12) has reported that monkeys breathing 
He -02 convulsed at depths 35% deeper than the one at which tremors began. However, in 
recent deep dives in France with the COMEX organization (12), which involved human sub­
jects, Brauer reported He tremors, which were accompanied by dizziness and nausea during 
compression. There were, in addition, changes in the EEG and periods of somnolence during 
4 min at some 1190 FSW (37 atm abs), all of which were of sufficient severity to necessitate 
immediate decompression. Yet O2 in the breathing mixture was kept low, and compression 
was conducted at a very slow rate. On the basis of these experiments, Brauer has postulated 
that there may be a heretofore unrecognized phj^siological barrier to deep diving. 
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T A B L E III 

1 atm abs 3 1 atm Í ibs 3 6 atm abs 

Tests (Control) Ohr 1 hr 2 hr 3 hr 2 4 hr 4 8 hr 7 2 hr (Excursion) 

Ball-bearing test X 1 2 6 1 0 1 1 1 2 1 6 1 8 1 7 1 9 

SD 4 5 6 4 5 6 3 4 4 

η 1 0 7 5 7 5 6 3 6 1 2 

Drawn points X 6 9 6 6 6 3 6 3 6 2 6 1 6 7 6 9 6 3 

SD 1 2 9 9 7 1 3 6 6 8 9 

η 1 2 9 7 9 5 6 3 6 1 2 

Marked points χ 3 8 32 32 34 3 5 3 9 3 6 4 1 3 8 

SD 4 4 4 3 5 2 3 2 3 

errors % 2 6 3 0 3 6 5 1 0 9 

η 1 2 9 7 9 5 6 3 6 1 2 

Deciphered letters χ 3 9 33 30 32 33 3 8 3 5 4 1 3 7 

SD 6 5 6 4 6 8 4 5 3 

errors % 0 7 7 2 0 0 0 2 0 

η 1 2 9 7 9 5 6 3 6 1 2 

Arithmetic test % χ 1 0 0 1 4 4 1 4 6 1 6 6 1 8 8 1 6 1 

SD 0 2 0 3 1 3 6 2 7 4 3 

errors % 3 9 9 4 6 9 

η 3 3 3 6 6 9 

° By permission of the publishers. 

The 3-day Swiss-British dive conducted in February 1969 (13) to 1000 FSW (31 atm abs), 
in which there were three underwater excursions to 1150 FSW (36 atm abs) for a total of 5 
hr, revealed no evidence of such a barrier. The breathing mixture was 1.5% 02-3% N2-95.5% 
He, and rate of compression was 1000 FSW /hr, with a decompression time of 88 hr. 

With one exception, there was no significant impairment in the performance of such tasks 
as the ball-bearing test, and the arithmetic, visual analogies, and motor-coordination tests. 
The exception occurred during the first hour, upon reaching 1000 FSW, when there was a 
significant 50% decrement in the ball-bearing test (Table III). This and minor depressions 
in some other performances were possible indicators of He tremors. But after the first hour 
at depth, there was no major decrement in performance. 

The EEG remained virtually normal, as did the AER. The men, wearing Draeger semiclosed 
breathing equipment (FG 111), were able to skin dive and to swim underwater against an 
ergometer at 1150 FSW (36 atm abs). Other work performed was the lifting of a 50-lb weight 
20 times in 2 min. 

The morale of the men was good; their leisure time was given special attention through the 
provision of games, construction kits, movies, reading matter, and good food. They experi-

M E A N RESULTS OF THREE SUBJECTS' EFFICIENCY IN SERIES OF PERFORMANCE TESTS 

CARRIED OUT DURING 1 9 6 9 SWISS-BRITISH 3 - D A Y SATURATION D I V E ( 1 3 ) ° 
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FIG. 10. Mean total mg change in electrolytes in 24-hr urine samples of three divers exposed to 1.5% 
02-3% N2-95.5% He at 31 atm abs (300 m) for 3 days, with a 1-hr excursion at 36 atm abs (350 m) on day 1, 
and a 2-hr excursion (same depth) on days 2 and 3 (13). 

enced some skin infection problems and ear irritation because of the relatively high humidity 
(78%) of their environment. These conditions were treated with tetracyclines. Among other 
problems experienced by the men were loss of taste and smell, and the usual difficulty in com­
munication because of He speech distortion. 

One of the most significant changes was in the 24-hr urine biochemistry. There were falls 
in calcium, sodium, and magnesium ions that recovered during decompression; phosphorus 
levels first rose and then fell. These changes were accompanied by an increased net excretion 
of acid (Fig. 10). 

Now phosphaturia is associated more with respiratory acidosis than with metabolic acido­
sis. These changes are similar to the changes in electrolytes measured in compressed air dives 
to 300 FSW (10 atm abs); in such dives, respiratory embarrassment can be expected although 
N2 narcosis may be an associated factor. However, Schaefer and Carey (32) have reported 
no elevated alveolar or blood CO2 during a similar 1000 FSW dive, but did note an increased 
urine CO2 output. 

The relevance of these findings to the problems encountered during the dive reported by 
Brauer (12) and to the lack of them during the Swiss-British exposure (13) remains to be 
determined; but on the basis of the latter work, the limits of deep diving appear yet to be 
reached. 
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N E U R O P S Y C H O L O G I C A L E F F E C T S O F E X P O S U R E T O 
C O M P R E S S E D A I R 

P. M. Criscuoli and G. Albano 

In previous papers (1-4) we proposed that the term neuropsychic syndrome of compressed 
air (NSCA) be used to describe the group of biophysical and neurochemical signs and symp­
toms of the CNS caused by breathing certain gases under high pressure. Our research began 
with an analysis of the individual roles played in this syndrome by such gases as N2, O2, and 
CO2. That narcosis can be caused by inert gases under high pressure has long been recognized 
(7, 15). Nevertheless, we believe that some symptoms manifested during compressed air ex­
posure, such as psychomotor excitability, are not part of the N2 narcosis syndrome. 

To study the effects of N2 narcosis thoroughly, we measured the EEG changes in white 
rats compressed slowly (to avoid hypercapnia) to 21 atm abs with pure N2 added to ambient 
air (5). Figure 1 demonstrates the typical EEG patterns in N2 narcosis with progressive syn­
aptic blockage of the mesodiencephaUc system (brain stem reticular formation) (5,11). 

The biological effects of HPO (13) and the EEG patterns of O2 convulsions (16, 17) are 
widely known. We have shown (Fig. 2) that the addition of He to the breathing mixture of 
animals subjected to HPO does not modify substantially the EEG pattern in O2 toxicity. (The 
breathing mixture consisted of O2 at 4.4 atm and He at 16.6 atm.) The EEG patterns 10-15 
min after the beginning of pressure exposure show hypersynchronized spindle bursts dispersed 
by mild slow-wave polymorphous activity, tending to desynchronization. Although the ani­
males behavior did not change grossly at this point from its normal behavior, the wave pat­
tern suggests a preepileptic phase, which lasted for some time. 

Some 50-60 min later, muscular tremors developed, followed by twitching and, finally, 
tonic-clonic convulsions (second tracing. Fig. 2). The EEG is now similar to that of a typical 
grand-mal epileptic seizure (epileptic phase). 

In another experiment (Fig. 3) in which air was administered at 21 atm abs, both phases of 
EEG changes occurred, to our surprise, but with modification from those observed in the O2 
and 02-He experiment. In the preepileptic phase (3-5 min following compression), the spikes 
appeared more frequently and persistently. The dominant rhythm was θ polymorphous activity 
that never tended toward desynchronization. This phase lasted for 5-20 min and was followed 
by an intermediate phase, during which there was a slow dominant rhythm, which was con­
tinuous, with occasional superimposed spikes. 

471 
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(D) 16 a t m a b s ( E ) 2 0 a t m abs ( F ) 21 a t m a b s Ό a t m abs ( F ) 21 a t m a b s 

- l O ' 

(G) 21 a t m a b s (H ) 21 a t m abs ( I ) 21 a t m a b s 

2 0 ' 4 0 ' 6 0 ' 
( E l e c t r i c a l s i l e n c e ) 

FIG. 1. EEG records of a white rat compressed with pure N2 added to ambient air. [From Albano et al. (5).] 

The epileptic phase (40-45 min) was characterized by hypersynchronous modulations with 
persistent, polymorphous spikes, during which we observed brief and repeated hyperkinetic 
activity in the animal. From these observations, we concluded that the epileptic phase is 
uniquely characteristic (to say nothing of dangerous) in the NSCA syndrome, and consists 
of an 02-induced seizure (paroxysmal EEG activity) that can be eased by an early impair­
ment of inhibitory synapses caused by N2 narcosis (10), as this impairment lowers the con­
vulsion threshold. 

Since the dynamic physiopathological effect of the NSCA has been demonstrated, it is not 
valid to speak of the synergistic effect of HPO with respect to N2 narcosis (12); instead, the 
N2 narcosis may reduce the neurotoxic discharge. To test these concepts, we studied the effect 
of high N2 pressure in another condition of neuronic hyperpolarization, such as that which 
occurs when adrenalectomized rats (6) are exposed to high ΡΝ2· 

In these earlier experiments we administered a P02 of 1 atm. We observed that at 21 atm 
abs, the paroxysmal EEG record (Fig. 4) was similar to that observed with HPO, confirming 
the effect of N2 on the inhibitory synapses and on the convulsion threshold. 

NSCA Syndrome in Man 

In order to give a more detailed outline of the effects of compressed air on man, we con­
ducted a series of experiments at pressures of 2.5, 10, and 12 atm abs. The EEG changes ob­
served at these O2 and N2 pressures (Fig. 5) were less pronounced than they were in the animal 
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2 ( 1 0 - 3 0 M i n ) 
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3 (40 M in ) 

FIG. 3. EEG records of a white rat breathing compressed air at 2 1 atm abs (P02, 4 . 4 atm; Pu„ 16 .6 atm). 
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FIG. 4 . EEG records of normal and adrenalectomized rats submitted to high N2 pressure. [From Albano 
etal. (6) . ] 
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experimentation; yet an accurate comparison of the EEG records in the steady state of three 
different experimental conditions (pure O2 at 2.5 atm abs, 4 % O2 with N2 at 10 atm abs, air 
at 12 atm abs) demonstrated a mild slowing of electrical frequencies. A prenarcosis electrical 
pattern was observed when an O2-N2 mixture was breathed at 10 atm abs; and signs of cortical 
hyperexcitability (high amplitude of dominant rhythm, with occasional superimposed, low 
amplitude spikes) developed during administration of O2 at 2.5 atm abs. When air was ad­
ministered at 12 atm abs, we observed mixed records. 

The EEG records taken during compression (performed at the rate of 3 atm/min) and upon 
arrival at maximum pressure were desynchronized in all subjects. This was attributed to ex­
citation of the reticular activating system owing to hypercapnia occurring during compression 
(4). The excitation was attenuated within 5 - 7 min after maximum pressure was reached. 
During decompression a progressive return to more normal EEG activity occurred in all 
subjects, but with synchronous, subcontinuous, high amplitude a waves, which were indica­
tive of hypocapnia caused by decompression. 

Psychological tests were used to help evaluate the subjects' responses, to indicate any de­
fects in memory, calculation, and judgment, and to assess precisely their ability to handle 
practical situations calling for performance and manual dexterity. Of the different types of 
psychometric tests administered, some deserve particular attention (Fig. 6) . 

The Arithmetic Test and the Mirror Drawing Test, described in earlier work (2), have 
pointed out remarkable variations both in the number of tasks executed and in the error 
percentages tabulated under different experimental conditions. The error percentages appear 
to be dependent upon the PN2 (threshold: 3.6 atm) and—in the hyperoxic mixtures only— 
upon the extent of the individual's activity. Indeed, it is recognized that the magnitude of 
HPO determines the degree to which ventilatory response is impeded during exercise (14), 
and that CO2 retention synergizes N2 narcosis (9). On the other hand, we could establish no 
valid relationship between the density of the breathing mixture and the error percentages. 

The P02 correlates well with the subjects' performance on the Mirror Drawing Test. Indeed, 
at both 1 0 and 12 atm abs with hyperoxic mixtures, the distance traced per unit time was 
greater than the distance covered when the subjects breathed air. 

A He tremor was detected in the subjects during the first phase of exposure at 12 atm abs 
in the Ball Bearing Test (8) and in the Mirror Drawing Test. Trembling decreased rapidly 
as the exposure continued, and almost disappeared after the subjects exercised (about 2 5 min). 

A corresponding difference in psychological behavior was noted to be dependent upon the 
particular breathing mixture used. Exposure to high N2 pressures, with normal P02, caused a 
progressive impairment in the subjects of the vigilance state, ideation, fixation memory, 
practical activity, and affective self-control. Logical thought and attenuated associative pro­
cesses were clouded, as well as the capacity for and the consistency of critical synthesis. The use 
of sensory functions for practical purposes was also impaired. Furthermore, the subjects ex­
hibited reactive dysphoria, which tended to break down under external stimulation. 

The exposure to compressed air at 12 atm abs produced a different symptomatology. The 
qualitative change in the conscious state was distinguished by euphoria and was accompanied 
by irritability and impulsiveness. Frequently, there was perceptual dysfunction, particularly 
in the senses of touch, sight, and hearing. Distal motor hyperkinesis and subhminal tremor 
impaired working ability. Execution of physical tasks remained defective during the test 
period, and the habitual motor acts were often performed with perseveration. The subjects 
displayed childish behavior and were obsessed by some particular detail of their tasks. 
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FIG. 6. Results of some psychometric tests performed while the subjects were at rest (white bars) and after 
exercise (crosshatched bars) (350 kpm/min for 10 min) under various experimental conditions. 



478 p. Μ. CRISCUOLI AND G. ALBANO 

Finally, all our experiments tend to underline the fact that the neuropsychological effects 
of exposure to compressed air appear to be like a polymorphous syndrome. The symptoms 
of N2 narcosis are more apparent at low air pressures (up to 12-15 atm abs) than are other 
effects of the air. Under greater pressures, the neurotoxic effects of exposure to the O2 in air— 
e.g., the neuronic hyperexcitability manifested in behavior, EEG records, and the psychomotor 
tests—are already detectable at 10 atm abs and can terminate in an epileptiform seizure of 
O2 toxicity. This syndrome is predictable, and can be eased by a lowering of the convulsive 
threshold by the blockade of inhibitory synapses through N2 narcosis. Carbon dioxide reten­
tion resulting from alveolar hypoventilation during work in compressed air causes the entire 
constellation of symptoms to worsen. 
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H U M A N P E R F O R M A N C E A T G R E A T D E P T H S 

R. J, Biersner 

Undersea technology has progressed at such a rate that the human organism may soon be 
the only limiting factor in diving systems. Narcosis, O2 toxicity, tremors, and breathing re­
sistance are just a few of the dangers that threaten personnel involved in advanced diving 
operations, and these dangers will continue to pose new problems as greater depths are reached. 
In studying these problems, performance has become an important index of the physiological 
state and usefulness of the diver. Performance indices may also be helpful in selecting person­
nel for hazardous diving conditions. 

Behavioral techniques have been used to evaluate diving performance for many years, and 
they still serve as reliable and practical indicators of O2 toxicity and inert gas narcosis. Per­
haps the most extensive study to date of human performance in underwater environments 
was completed during SeaLab II (6), in which the subjects breathed an 02-N2-IIe mixture. 
Although the results of these studies showed that man could function adequately under the 
conditions of that experiment, problems did arise that previously had not been considered 
important in diving. It was found, for example, that some kinds of performance can be im­
paired by the fears and anxieties associated with a hostile environment. Divers who reported 
heightened feelings of fear and anxiety were rated lower on assigned projects, and they par­
ticipated less in group activities than those not so fearful and anxious. The degree of psy­
chological stress was found to differ according to education, place of birth, and birth order. 
Little has been done to further define these variables, or to devise tests that could be used to 
select personnel for such hazardous conditions. 

The results of other deep He dives reveal a progressive deterioration in performance when 
pressure depth approached 1300 FSW (3, 7). Accurate interpretation of these results is difliicult 
because the studies are not always comparable; there are often no control subjects in such 
studies, and often only a small number of experimental subjects is involved. It is generally 
agreed, however, that motor coordination shows the greatest decline under high pressures, 
whereas cognitive and intellectual functions undergo only small transitory changes. It is un­
clear, however, whether the impaired motor performance is related to hypercapnia, compres­
sion rate, temperature, or psychological stress, or to some combination of these factors. More­
over, the extent of this impairment cannot be fully appreciated until the performance of 
several different motor tasks has been used to evaluate it. 
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Cognitive performance during deep He dives is even more variable and uncertain, prompting 
one investigator (7) to suggest that marked individual differences may reflect psychological 
adjustment to the particular diving hazard, and that these differences may be useful in screen­
ing divers for hyperbaric duty. 

Not much is known about human performance at great depths, and the few observations 
available are often rendered unreliable by such nebulous factors as fear and anxiety. It is 
only reasonable to assume that the risks and dangers involved in experimental diving will be 
reflected in performance and they must therefore be appropriately controlled. As diving be­
comes increasingly hazardous, moreover, the need to reduce or ehminate psychological stress 
for the sake of task eflSciency will become more critical. 

Little has been done to study the psychological stress of diving or to assess various mechan­
isms that might be used in combating it. A better understanding of such stress would be highly 
useful in the selection of personnel for hazardous diving duty. The problem is to find a measure 
of stress that not only is objective and valid, but also differentiates among individuals. Such 
an approach, incidentally, has been used successfully to study psychological stress in parachut­
ists (4). These studies show that experienced and skillful jumpers apparently become condi­
tioned to the autonomic effects of danger, which allows for voluntary inhibition of arousal 
before it become excessive, and which provides a useful method for coping with threat. As a 
result, jumpers confidently perform many difficult maneuvers during free fall, which is the 
period of maximum threat. The psychological stress of deep saturation diving is probably 
more severe (and is certainly more prolonged) than that of parachuting. The means used to 
adapt to it should be of concern not only to divers but also to those persons involved in the 
surface control of the diving program. An attempt was therefore made in the present study to 
define the pattern of psychological stress during a deep saturation dive. 

Psychological stress may be generated by many factors during a hazardous experimental 
dive, one of which is increased concern about the environment. Several studies (8) have re­
vealed that certain perceptual tasks are particularly sensitive to psychological stress. The 
performance of these tasks, which usually require the subject to locate a simple figure within 
a complex design, has been found to correlate highly with environmental dependence. Using 
one of these perceptual tasks, the author demonstrated (unpublished report, 1968) that U.S. 
Navy divers are significantly more independent of their environment than are a comparable 
group of nondiving naval enlisted men. A modified version of the same task was used during 
the present deep saturation dive to study perceptual changes that might have occurred be­
cause of increased dependence on the environment. 

Two other performance measures—manual tracking and a memory test—were used to study 
motor performance and narcosis. The greatest deterioration in motor coordination is known 
to come about as the result of tremors, whereas impairment of memory is one of the best mea­
sures of narcosis (1). Motor performance and memory were considered to be the most impor­
tant factors studied during the present experimentation, because significant impairments in 
either would impose serious hmitations on future deep diving. 

Method 

This investigation was undertaken as part of a deep saturation dive made by the Navy at 
Duke University during December, 1968. The diving procedures used have been amply des-



HUMAN PERFORMANCE AT GREAT DEPTHS 481 

cribed by others in this volume (cf. Salzano et al). The experimental group consisted of five 
divers: two civilian diving technicians and three professional divers. There were also five 
divers in a control group: one civilian diving technician and four professional Navy divers. 
Control and experimental divers were matched as closely as possible for age, diving experience, 
and occupation. 

Performance was studied through the use of an automated measurement system, which 
included a magnetic keyboard activated by the subject diver, a set of tracking controls, and a 
rear projection screen for presenting visual test material. A master control console was oper­
ated by the experimenter to program the tasks and display the results. The four performance 
tests included measures of psychological stress, environmental dependence, memory, and 
motor coordination. 

The performance tests were administered during a shallow training dive at 320 FSW held 
1 week before the experimental dive, and at 900, 1000, 500, and 50 FSW during the saturation 
dive and subsequent decompression. A final testing session was held 2 days after decompres­
sion. Each of the performance tests was also administered to the control group six times, 
at time intervals approximating those of the experimental group, in order to control for 
possible changes in performance resulting from practice rather than the experimental con­
ditions. 

Psychological stress was evaluated using the Stroop Color Conflict Test (SCCT), which 
consisted of two control slides and a test slide. One of the control slides, containing words 
describing colors, was used to establish a baseline for word identification. The other control 
slide consisted of blocks of colors which provided a basehne for color identification. The test 
slide contained words that were printed in colors different from those described in the con­
trol slide and required the subject to identify the color and ignore the word. A performance 
score was derived by averaging the time taken to complete the two control cards, and then 
subtracting this figure from the time taken to finish the test card. This test procedure is often 
used to induce psychological stress (2), and it was considered possible that the additional 
stress of a hazardous environment might magnify any effects. 

Environmental dependence was measured by use of the Hidden Patterns Test (HPT) (5). 
This test required the subject diver to determine whether a simple standard shape was present 
in each of 200 complex patterns. The score was based on the number of errors made, as well 
as the length of time taken to complete the 20 slides on which the complex patterns were 
printed. 

Memory was tested using a simple word association test designed by the author that in­
volved learning 12 pairs of word and number combinations projected on the screen inside the 
chamber. The same 12 words were used during each testing session, but were arranged dif­
ferently each time. The two-digit numbers associated with each word were varied at random 
for each test session. Three minutes were aUowed for learning the associations, followed 60 
sec later by a test slide containing only the rearranged words. The score consisted of the num­
ber of associations correctly recalled. 

Motor coordination was evaluated by means of a simple tracking task. Viewing an oscil­
loscope located at one of the ports, the diver used a single manual control stick to follow a 
target dot moving in a circular path around the screen. A trial lasted 60 sec, and five consecu­
tive trials were made during each test session. The final score was the average voltage error 
obtained for the horizontal and vertical display axes during the five trials. 
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Results 

The results revealed a general decline in performance as pressure increased. However, there 
were noticeable differences in performance among the four tasks, suggesting that the impair­
ment was not the result of any single factor. Although the saturation divers did not vary 
significantly from control divers in performance on any of the initial tasks (Figs. 1 and 2), per­
formance at 900 FSW during compression was markedly different. Figure 1 demonstrates that 
significant changes occurred in the SCCT (p < 0.05), and Fig. 2 shows similar results in man­
ual tracking (p < 0.025). Performance of the experimental subjects on the HPT and the 
memory task did not differ significantly from that of the control group. 

After 3 days on the bottom, the performance of the experimental subjects had improved 
to such an extent that only their manual tracking remained statistically different from that of 
the control group (p < 0.01). Performance continued to improve during the ascent, and was 
essentially normal during the final stage of decompression. The results of the tests taken by 
the divers at surface pressure 2 days after completion of the dive did not vary significantly 
from those of the controls. 

Although performance was noticeably impaired at 1000 FSW, such deterioration is not 
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FIG. 1. Results of the Stroop Color Conflict Test (SCCT) (for psychological stress) during the six test 
sessions. ( ) Saturation divers; ( ) control divers. 
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FIG. 2. Mean voltage error on the tracking task performed by saturation and control divers (motor 
coordination). ( ) Saturation divers; ( ) control divers. 

considered irreversible. Normal memory performance at this depth suggests an absence of 
narcosis, a contention that is substantiated by improvements in the SCOT. However, per­
formance trends on the SCOT indicate that the divers experienced marked psychological stress 
and increased concern about their environment during descent, but that they began to adjust 
to these distractions while on the bottom. Only their motor performance was significantly 
impaired on the bottom, and remained so until after their return to the surface (Fig. 2). 

Several factors might account for the motor decrement, such as compression, temperature, 
humidity, and fatigue. The results suggest a combination of these factors; but since the dec­
rement persisted throughout the lengthy decompression while performance of the other tasks 
improved, the indication is that fatigue was probably not significantly involved. The divers 
did experience joint pains during compression and while on the bottom, the pain decreasing 
noticeably during the early stages of decompression. Moreover, the divers found that control 
of temperature and humidity was inadequate, and they complained of periodic shivering. The 
persistence of the motor impairment, which stabilized after 3 days on the bottom and con­
tinued until the end of decompression, suggests that environmental factors, especially tempera­
ture and humidity, were primarily involved. The marked partial recovery that occurred after 
the divers reached the bottom (Fig. 2) indicates that compression effects, if present, were 
transitory. 
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Discussion 

Performance in this study indicates that (1) psychological stress and environmental de­
pendence increase during the initial phase of a hazardous dive, but tend to decline noticeably 
during the period of maximum threat; (2) motor performance shows prolonged impairment 
under the conditions of this study; and (3) learning and memory capacities apparently remain 
normal at 1000 FSW. This last finding is perhaps the most important. Impairments in cog­
nitive performance, especially immediate memory, are probably the most reliable signs of 
narcosis. These results indicate that He is not detectably narcotic at 1000 FSW, and that 
divers can perform at this depth without threat of He narcosis. 

The foregoing conclusions are supported by the results of two other studies completed during 
this dive. A study by L. W. Thompson (personal communication, 1969), who used a complex 
reaction time task, found that mean reaction time increased only slightly at 1000 FSW. This 
impairment was not statistically significant and could have been the result of other factors, 
such as psychological stress. The results of EEG and evoked potential studies by W. P. Wilson 
(personal communication, 1969) were also normal under all conditions. 

The effects of compression and environmental factors on performance at depth are serious, 
however, and require further investigation. The results of the present iuA^estigation suggest 
that important changes need to be made in environmental control during deep saturation 
dives to improve not only the subjective comfort of the divers, but also their efficiency in per­
forming their assigned tasks. Unless effective efforts are made to control the environment 
more adequately, a diverts ability to perform difficult motor tasks at depth will remain sig­
nificantly impaired. 

The results of the tests of psychological stress and environmental dependence were similar 
to those of the parachutist studies mentioned earher. These studies (4) have correlated per­
formance with several physiological indices of stress. Recordings of skin conductance, heart 
rate, and respiration rate, obtained from parachutists of various experience and skill, have 
been correlated with actual performance and instructor ratings. Experienced parachutists 
show a steady but modest rise in physiological activity that declines rapidly before the jump 
is made. Novice parachutists, however, show a marked increase in activity that continues until 
after the jump is made. The same is true for skilled and unskilled jumpers in that the physio­
logical activity of those judged as skillful is significantly reduced. The experienced and skillful 
divers tested during this study showed a similar pattern of performance—a decrement during 
compression and an improvement while they were on the bottom. Moreover, there were notice­
able differences in performance among individuals, suggesting that these tests may be useful 
in the selection of personnel for hazardous diving conditions. 

It is apparent from the present investigation that divers can perform normally at a 
simulated depth of 1000 FSW. Given the skiUs and necessary training to overcome threatening 
environmental conditions, along with better control of the environment itself, divers may 
soon hve comfortably at this and greater depths. 
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E X P E R I M E N T A L S T U D I E S O N T H E H I G H P R E S S U R E 
H Y P E R E X C I T A B I L I T Y S Y N D R O M E I N V A R I O U S 
M A M M A L I A N S P E C I E S 

R. W. Brauer, R. 0. Way, M. R. Jordan, and D. E. Parrish 

In 1965 we began a series of investigations to establish the relative narcotic potency of 
II2, He, and N2, a comparison that is of considerable theoretical interest. Early experiments 
using rhesus monkeys revealed that under pressures at which early narcotic manifestations 
of either He or H2 might be expected, the reaction was not narcosis but, rather, severe con­
vulsive seizures. There was a suggestion that such seizures might be less frequent on H2 than 
on He, and that they might occur at slightly higher pressures (3). Subsequently, a similar 
response pattern was observed to occur in mice at somewhat higher pressures than in the 
monkeys. Furthermore, H2 produced narcosis rather than convulsions in a high proportion 
(between 80 and 90%) of the strain of mice we used (7). 

Since convulsions preclude meaningful quantitative evaluation of the relative narcotic 
potency of He and H2 at high pressure, an alternative technique was developed based on the 
concept of linear additivity of the narcotic effects of inert gases in binary mixtures. This tech­
nique led us to use a series of He-N2 and H2-N2 mixtures to determine their relative narcotic 
potency by mathematical analysis of the resulting curves (Fig. 1) (6). Hehum was thus shown 
to exert a negligible narcotic effect, whereas H2 was shown to be about one-fourth as narcotic 
as N2 is. A correlation of these results with other available data is shown in Fig. 2, demon­
strating that narcotic potency is somehow related to molecular interaction, possibly of a type 
involving bonding based on the induction of dipole moments in the inert gas molecule [cf. 
Featherstone and Muehlbaecher (10)]. 

The syndrome of tremors and convulsions observed in monkeys and mice will be referred 
to hereinafter as the high pressure hyperexcitability syndrome (HPH syndrome). In earher 
experiments, we have observed the same general pattern of response in a number of other 
species of animals (Table I). Susceptibility to this syndrome appears to be greatest in the 
primates and to bear some rough relation to the extent to which the CNS has evolved. We 
have studied the syndrome more fully, to date, in the mouse and squirrel monkey than in 
other animals, and the following paragraphs contain a resume of our findings. 
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FIG. 1. Relation between the PNJ and PH2 at the point where loss of righting reflexes occurs in C D - I mice 
compressed with mixtures containing these gases in various proportions, the Poj being held constant at 0.5 atm. 
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FIG. 2. The relative narcotic potency of He, H ,̂ and N2O obtained by methods used in Fig. 1, together with 

data of other workers using other inert gases. 
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TABLE I 

CONVULSION PRESSURE IN SEVERAL SPECIES 

(He-02, 22.8 atm/hr) 

Species 

Pressure at 
first convulsion 

(atm) 

Birds 
Serinus canarius 

Marsupials 
Didelphis virginiana 

Rodents 
Mm musculus spp. 

CD-I , 5 days old 

CD-I , adult 

Epimys raitus Norv. (S-D) 

Oryclolagus cuniculus 

Carnivores 
Procyon lotor 

Primates 
Saimirí sciureus 

Simia rhesus 

Homo sapiens 

101 

81 

80-110 

63 

98 

110 

99 

82 

61 

57 

22 

Observations in Mice 

We tried from the beginning to exclude from consideration, as far as it was possible, any 
trivial response to artifacts that inadequate environmental control might cause. The systems 
we used allowed precise control of P02 at any desired level. The systems also assured negligible 
CO2 tensions throughout the experiments, and permitted adequate control of chamber tem­
perature to ± 1°C. In all the experiments described hereafter, chamber temperature was kept 
between 30 and 33°C, which appears to be near the middle of the comfort range for mice in 
He or H2 environments. In monkeys, this temperature range allows maintenance of constant 
euthermia, even in immobilized animals. To test the possibility that, in the relatively dense 
atmosphere encountered at the high pressures required to produce the HPH syndrome, hy­
poxia due to respiratory causes is not a factor, compressions were conducted using gas mix­
tures containing several different O2 concentrations (4). 

The convulsion threshold pressure was found to be independent of P02 the range of 0.4 
atm to approximately 2 atm (Fig. 3). At 2.4 atm, a significant depression of the convulsion 
threshold pressure was observed, suggesting synergism between the convulsant effects of O2 
and high pressure. Indeed, 2.4 atm of O2 caused convulsions in our CD-I mice only after 200 
min of exposure, whereas 60 atm of He caused convulsions within 5 min. Synergism between 
the HPH syndrome and convulsant agents appears to be the rule rather than the exception. 
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FIG. 3 . Convulsion threshold pressures in C D - I mice breathing He-02 mixtures of various O2 content. 

A further example of this type of effect is the depression of electroshock convulsion thresholds 
as a function of atmospheric pressures (Fig. 4). 

The high gas density at which the HPH syndrome occurs may possibly interfere not only 
with O2 transfer in the lung but also with CO2 ehmination. However, administration of an 
amine buffer in biologically effective doses fails to alter the mean convulsion threshold pres-

60 80 

T o t a l p r e s s u r e ( a t m ) 

93 

FIG. 4 . Modification of electroshock convulsion threshold in C D - I mice. {P02 is 0 .5 -0 .6 atm throughout.) 

m) He-02; ( • ) H2-O2. 
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T A B L E I I 

SUSCEPTIBILITY OF M I C E TO THREE CONVULSANT CONDITIONS 

He-02 O2 Audiogenic 
EPso T60 % not 
atm min convulsing 

BALB/CJ 89 BALB/CJ 10 BALB/CJ 35 
DBA/2J 103 DBA/2J 17 DBA/2J 0 
C57BL/6J 106 C57BL/6J 43 C57BL/6J 75 
129/J 116 129/J 35 129/J 17.5 
CD-I 99 C D - I 20 
A/J 82 A/J 15 

sure in mice, rendering this interpretation improbable (7). The relationship between gas 
density and altered respiratory mechanics in the HPH syndrome wiU be reviewed hereinafter 
in the hght of data comparing the effects of different gas mixtures. 

Mice of six inbred strains were compared with respect to their susceptibility to high pres­
sure convulsions, hyperoxic convulsions, and audiogenic seizures [cf. Fuller and Sjunsen (11)]. 
The results, shown in Table II, suggest that these three responses are not related to one 
another, and, in particular, that susceptibilities to audiogenic seizures and the HPH syndrome 
do not correlate. Worth noting in Table II are the wide differences among the mouse strains 
in the animals' susceptibility to the HPH syndrome. These differences probably explain why 
this phenomenon did not emerge in earlier experimentation with mice compressed between 
130 and 150 atm (15, 16). 

Generahzed intention tremors, and possibly some degree of spontaneous myoclonic seizure, 
occur in humans subjected to high pressures of He-02 (1), but the actual depth at which these 
effects are first noted depends greatly upon the compression rate. To ascertain to what extent 
in mice these He tremors might be related to the HPH syndrome, the animals' convulsion 
thresholds in a He-02 environment at P02 of 0.50 atm were compared at compression rates 
of 40 atm/hr and 5.1 atm/hr. The mean convulsion threshold at the faster compression rate 
was 98 atm, while at the slower rate it was 133 atm. The onset of visible tremors was post­
poned from about 50 atm (at the faster rate) to near 80 atm (at the slower rate). Considering 
our observation that severe tremors also occur when H2 is used in the breathing mixture and 
that convulsions are only seen at very high pressures (or not at all), our tentative conclusion 
is that the underlying cause of convulsive seizures may be different from the one causing the 
HPH syndrome when He is contained in the breathing mixture. 

In the mice as in the rhesus monkeys, H2 produced fewer convulsions, and the seizures oc­
curred at a higher mean pressure than when He-02 mixtures were used. These differences might 
be attributed either to the physical properties of the two gas mixtures (and hence to the smaUer 
H2 resistance) or to the higher narcotic potency of H2. To clarify this matter, we determined 
the convulsion threshold of mice compressed with graded binary inert gas mixtures—He-H2, 
He-N2, and He-N20. In each case, an increased concentration in the mixtures of the narcoti-
caUy active components resulted in an elevation of the mean convulsion threshold (Fig. 5). 
During compression, when the narcotic component reached a certain concentration at 130 
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FIG. 5. Modification of convulsion thresholds in He-02 atm as function of the amount of N2 added to the 
breathing mixture. Similar relations have been observed with H2 or with N2O admixture. Convulsions are no 
longer observed when 12% or more of N2 is added so that the maximum pressure at which convulsions are 
observed before the onset of narcosis is approximately 130 atm. The gas concentration which produces 50% 
of this maximum convulsion threshold elevation is used for the calculation of relative anticonvulsant potency 
of the gases shown in Table I I I . 

atm and no convulsions occurred, the majority of the animals showed loss of righting reflexes. 
Higher pressures then failed to induce convulsions. 

Increasing the concentration of H2, N2, or N2O in the He -02 mixture to a pressure midway 
between the pressure at which convulsions typically occurred in the He -02 mixture and the 
pressure at which convulsion frequency had dropped below 10% was used to calculate the 

TABLE I I I 

RELATIVE BIOLOGICAL EFFECTIVENESS OF METABOLICALLY INERT GASES 

Index of comparison 
(CD-I mice cf) 

Loss of righting reflex 
Elevation of convulsion pressure 

(He-0.5 atm O2) 

H2 
N2 
N2O 

0.27 
1.00 

28 

0.25 
1.00 

35 
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FIG. 6 . Modification of convulsion thresholds with age in mice compressed with H e - 0 2 mixtures (P02 
0 . 4 - 0 . 5 atm). The vertical bars refer only to the tonic seizure pattern. 

convulsive potency of the three gases. Table III shows the results of such calculations, using 
loss of righting reflexes and convulsions as the indicators of narcotic potency. Since the two 
sets of values agree, one may conclude that indeed the narcotic potency of a specific gas is 
involved in the elevation of convulsion thresholds. 

One may further conclude that modification of respiratory resistance—either downward 
by substituting H2 for He, or upward by partial substitution of N2 for He—fails to affect 
the convulsion threshold, except insofar as the gas acts as a CNS depressant. This latter 
conclusion agrees with the observations of other investigators, who suggest that nonvolatile 
CNS depressants also can counteract certain manifestations of HPH in mice and newts (17.) 
High pressure convulsions in the gill-breathing newt, furthermore, suggest that such responses 
are caused by hydrostatic pressure, as such, or by hydrostatic pressure changes; and that the 
convulsions should not be attributed simply to the gaseous environment in which pressure is 
exerted. These observations are not restricted to the newt—we have observed similar responses 
in mice breathing oxygenated fluorocarbon liquid, and our findings have been confirmed and 
extended by others (14). 

A final series of tests shows that susceptibility to HPH convulsions is markedly greater in 
very young mice than in adults (Fig. 6), and that susceptibility decreases after the first 3 
weeks of life. There is a curious change in the pattern of the convulsions. In the adult, the 
seizures are characteristically clonic; a tonic phase is rarely observed, if at all. A similar pat­
tern occurs in very young mice. In numerous tests, however, 13- to 15-day-old CD-I mice 
demonstrated a strong tendency toward tonic hyperextension seizures. A similar pattern was 
observed in adult mice only when the inert gas mixture contained 0.15% N2O in He. These 
observations suggest that the seizures may originate not in the dendritic surface layer of the 
cortex (which is poorly developed in the young animal) but, rather, in some of the older, deeper 
layers of the brain. The significance of these curious changes in convulsive patterns with age 
remains to be determined by future investigations. 



494 BRAUER, WAY, JORDAN, AND PARRISH 

100 

9 0 -

8 0 -

7 0 -

6 0 

5 0 -

AO-

o"T 

He 

dp 
dt 

0 . 5 1.0 0 . 5 

2 2 . 8 2 2 . 8 5 .1 

Hg He 
+ 0 . 3 % 

NpO 
2 2 . 8 2 2 . 8 

8 

o 8 
o 
o o 

ρ 

o o 
o o 

ί : r ι r ι "TI ι Ί 

FIG. 7. Onset of convulsions in squirrel monkeys in various high pressure atmospheres as a function of P02 
and compression rate. 

Observations in Squirrel Monkeys 

Elevating the O2 pressure from 0.5 to 1.0 atm lowered the convulsion threshold of the 
squirrel monkey very slightly, if at all (Fig. 7). Slowing the compression rate from 22.8 to 5 
atm/hr produced a slight but probably significant increase in convulsion thresholds, quite 
similar to the responses observed in mice (5). Substituting He for H2 raised the mean con­
vulsion thresholds in the squirrel monkeys as it did in mice. Addition of 0.3% N2O to He pro­
duced a similar effect. In general, the responses of the squirrel monkey and the mouse closely 

1.3 

6 3 . 2 atm 

12.13 
mié m^m^^ 

6 5 . 7 atm 

FIG. 8. EEG showing spontaneous seizures in a squh-rel monkey compressed with He-02 at a P02 of 0.45 
atm and a compression rate of 22.8 atm/hr. 



MAMMALIAN HIGH PRESSURE HYPEREXCITABILITY 495 

corresponded, except that the monkey's convulsive seizures occurred at a lower pressure. There 
appears to be a marked difference between the lower mammalian species and the primates, 
judging from the results shown in Table I. 

We studied the EEG changes associated with the monkeys' convulsions by implanting ex­
tradural electrodes. After at least a week's recovery, the monkeys were observed either in an 
unrestrained state or on a specially constructed restraining couch, the latter allowing for 
more detailed measurements. Compression, regardless of rate, has been associated with the 
eventual development of spiking and electrical seizure activity in all the animals (Fig. 8). 
At 63.2 atm, a localized seizure occurred; at 65.7 atm, a seizure started in the left temporo-
occipital region and quickly became generalized, terminating in a postictal depression. The 
tracing at 67.6 atm illustrates that from this point forward, some measure of seizure activity 
was almost continuously present at one point or another in the brain. 

Characteristically, tremors preceded any marked EEG change. The first clearly recogniza­
ble change was focal spiking, which at the outset was unaccompanied by any recognizable 
myoclonus. As the experiment progressed, focal spiking became more marked and electrical 
activity from epileptogenic foci sometimes appeared. Brief myoclonic seizures occurred along 
with the focal spiking. This suggests that a distinction may be made between the fine tremors 
associated with voluntary movements that have no concomitant in the EEG (which may 
be similar to He tremors in man), and the coarse tremors locahzed in a circumscribed muscle 
group that are not obviously associated with voluntary movements. As pressures were raised, 

Seizure act iv i ty at 71 a tm 

r 1 ^ I · 

S S 6 9 - 2 5 , e f e o o g, 
H e / 0 2 , 5.1 a t m / h r 

D j t r — - - J i ^ ^ A ^ ^ - ^ ^ - w ^ T * ^ 

FIG. 9. EEG's of seizures associated with very limited motor activity resembling a petit mal seizure. 
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focal seizure activity became prolonged and more generalized. Several types of generalized 
seizures occurred occasionally and spontaneously at this point. The electrical seizure pattern 
either appeared simultaneously throughout the cortex, or by the spreading of a focal discharge 
(Figs. 8 and 9). 

The EKG's taken through this period revealed no marked changes in heart rate or pattern, 
even just before generahzed motor seizures began. Recovery after all but the most severe 
grand mal seizures was prompt. Generahzed seizures were usually followed by postictal elec­
trical pauses lasting 20-60 sec and by gradual return to a normal EEG. Once a generahzed 
seizure began and compression continued, EEG seizure activity never subsided completely. 
Further occurrences of generahzed seizures appeared to be dependent in part upon the degree 
of damage done during the first severe attack. A generahzed seizure was sometimes followed 
by a 30-min period of relative quiescence marked by scattered focal spiking on the EEG, then 
by increasing hyperexcitability, and then perhaps by a buildup to another generahzed seizure. 
If pressure was maintained at the level at which the first convulsion took place, convulsive 

I = E k g 

S q u i r r e l m o n k e y 6 9 - 3 5 cT 8 4 0 g H e / O g 2 2 . 8 a t m / h r P^^ = 0 . 5 5 a t m 

C o n t r o l P h o t o s t i m u l a t o r 1 7 / s e c 

i i ί i 11 π τ ί τ π τ τ τ ΐ τ ί ί τ ι I t T ^ r r t T f - t ^ T T i i T i r r t i ^ t l η 

1 2 0 0 ^LV 

I sec I a t m 

C o n t r o l 
P h o t o s t i m u l a t o r 17 /sec 

16 sec 6 0 sec 

6 2 a t m 

FIO 10. Modification of the response to repetitive photostimulation as a result of compression. In the 
upper diagram the characteristic self-Umiting response in the normal animal; in the lower tracmg, marked 
recruitment, spiking, and eventual development of a grand mal seizure at 62 atm. 
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110 sec a f t e r photost imula tor 130 sec 150 sec 4 5 0 sec 
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FiG.ll. Two minutes after the end of photostimulation shown in Fig. 10 there is a secondary buildup to a 

generaUzed petit mal seizure followed by a postictal period, and resumption of spiking activity 5 min later. 

activity tended to subside after a few attacks; but seizures recurred as long as 12 hr after the 
first attack, and were accompanied by hyperexcitability a large part of the time. 

While this paper was in preparation, we learned of two experiments conducted by Dr. 
X. Fructus and Dr. R. Naquet of Marseilles, France. In each experiment, a baboon (Papio 
papio) was compressed in an He-02 environment very slowly (approximately 3 atm/hr). 
The animals were held for 12 hr, one at a pressure of 60 atm and the other, 100 atm. The 
latter animal showed characteristic epileptiform EEG changes and began motor seizures at 
92 atm. There then followed the pattern of quiescence and resumption of convulsive activity 
observed in our experimentation with squirrel monkeys. This animal died during decompres­
sion, and the preliminary analysis of the EEG and EKG suggests that death was caused by 
CNS damage that was not necessarily associated with the decompression sequence. The second 
animal was reported to have shown ^'alarming CNS changes'' at depth, and it also died during 
decompression. A more complete analysis of these data is not yet available. 

Experiments by Killam, Killam, and Naquet (13) suggest that generaUzed seizures can be 
induced in a given animal by repetitive photostimulation at pressures significantly below^ those 
that could reasonably be expected to provoke a spontaneous convulsion (Figs. 10 and 11). 
Above 50 atm, photostimulation produces an abnormal EEG pattern of numerous high vol­
tage, high frequency discharges. If photostimulation is discontinued at this point, a few seconds 
of persistent self-sustained spiking activity may follow. At slightly higher pressures, recruit­
ment and buildup of response amplitude become pronounced, and myoclonus occurs with each 
spike. In 30-40 sec this sequence tends to build up to a self-sustaining seizure. After the initial 
seizure, a brief period of near quiescence may ensue, followed, without further stimulus, by 
gradual recovery and then by a buildup to a second seizure, which now may be petit mal 
rather than grand mal. 

EEG changes in squirrel monkeys exposed to high pressure He-02 environments appear 
in many respects to resemble those of idiopathic epilepsy. At the pressures we chose, signifi­
cant changes may have occurred in the cortex. These changes may have triggered both the 
synchronous repetitive discharges seen in the EEG at various foci and the spread of seizure 
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activity. Future investigations must determine if the predominant site of the HPH syndrome 
is in the outer layers of the cortex, or if the responses reflect paroxysmal activity in deeper 
structures, such as the thalamus or hippocampus. 

We have speculated very little up to this point about the biophysical mechanisms that 
might induce the HPH syndrome. Some suggestions regarding this aspect of the problem 
might be made here. There is a strong possibility, we feel, that the observed changes in CNS 
excitabihty are attributable either to the effect of hydrostatic pressure, as such, upon the mem­
branes or upon the energy metabohsm of CNS neurons; or to the magnitude of hydrostatic 
pressure used. Hydrostatic pressures from 50 to 150 atm are now recognized as being high 
enough to produce significant biological changes. Thus the Ussing frog skin preparation 
responds to hydrostatic pressures of 50 atm by a marked increase in membrane potential. 
This potential appears to be associated with increased ability of sodium ions to permeate 
one part of the composite membrane (8). If such changes were to occur in the CNS, they ob­
viously could cause depolarization of neuronal membranes, thereby increasing excitability 
and facilitating impulse spread. 

Changes have been noted in polymerization of certain fibrous proteins at 50-150 atm (12). 
The 02-hemoglobin dissociation curve is displaced to the right at similar pressures (18), sug­
gesting a possible, significant change in protein/small molecule interaction in this pressure 
range. It is far too early to single out any one of these phenomena as having particular signifi­
cance in the HPH syndrome, but these examples suggest that they must have some importance. 
Future investigation into these relationships should be highly rewarding. 

A second point is that different species possibly respond to high pressures in ways that dif­
fer qualitatively rather than quantitatively. Recent findings (9) suggest that in sheep CNS 
depression rather than the HPH syndrome may be the characteristic response to high pres­
sures. The Ρ02 of about 0.5 atm in our present experiments is above the values producing 
the symptoms described in Professor Chouteau's paper published in this volume. Other effects 
must also be taken into account—e.g., different compression rates, and the amount of rumen 
gases that might possibly be absorbed at these high pressures. Speculation must of course be 
replaced by experimentation. 

Concerning the relationship between our findings in animals and the physiology of man 
under deep-diving conditions, several observations should be mentioned. In a series of experi­
mental chamber dives* to pressures exceeding that of 1000 FSW, EEG changes were observed 
in each of the four human subjects studied (2). The changes consisted of θ wave activity, es­
pecially in the occipitotemporal region; they appeared in the more susceptible subjects from 
approximately 30 atm onward. The phenomenon appeared to be reproducible, the relative 
susceptibilities of the different individuals seeming to bear a constant relation to one another 
throughout the series of dives. The EEG changes were concomitant with such behavioral 
changes as decreased attention, drowsiness (not unlike the pattern described as microsleep), 
and, at the highest pressures—equivalent to 1150-1190 FSW—some degree of confusion and 
motor disturbance. These last manifestations seemed to exceed those usually associated with 
He tremors, and were observed in aU subjects when pressure reached 750 FSW and greater. 
Voluntary hyperventilation (2 min) at 28 and 35 atm failed to alter the EEG. 

* Jointly performed in 1968 by the French National Research Council, the Compagnie Maritime d'Expertise 
of Marseilles, and the Wrightsville Marine Bio-Medical Laboratory. 
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These experiments suggest that, with the compression schedule used, man may begin to 
show evidence of the high pressure neurological syndrome at about 36 bar. No attempt was 
made to set a record in the experiments, of course. Rather, we had hoped to produce in the 
human subjects controllable symptoms relating to the sequence of CNS changes known to 
occur in animals under high pressures. The series was terminated sooner than we intended and 
before the anticipated severe symptoms developed, because one subject displayed an EEG 
change that could have meant a possible destructive hypoxic or ischemic condition in the CNS 
if exposure had been continued. 

Before such experiments are resumed, it is essential that additional information be as­
sembled. Data are needed regarding not only changes in blood gas composition of primates 
that are sufficiently compressed to evoke neurological changes, but also the degree of reversi­
bility of such changes. To this end, decompression procedures have been developed that al­
lowed us to recover safely six monkeys subjected to various time exposures at pressures up 
to 75 atm in He and H2. These animals appeared grossly normal once they recovered from the 
fatigue of their 2- to 3-day exposure. They are being allowed recovery periods lasting 1-4 
months before they are recompressed to establish new convulsion thresholds. 

While it is too early for us to formulate firm conclusions, other studies with mice suggest 
that previously exposed and decompressed animals may prove much more sensitive to the HPH 
syndrome on their second exposure than on their first. If this is so, the heightened sensitivity 
implies residual CNS damage, and may provide a standard against which safe compression 
procedures can be planned in the future. 
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E L E C T R I C A L A C T I V I T Y I N T H E C E N T R A L N E R V O U S S Y S T E M 
I N E X T R E M E N A R C O S I S 

P. V. Van Tassel, C. J. Knight, and C. J. Lambertsen 

A search for a sensitive, objective, vahd, and rehable method of studying the EEG has been 
made over the period of four decades since Hans Berger (1), in 1929, first pubhshed his findings 
on the electrical phenomena occurring in the brain of man. 

Initially, this effort was expended in attempts to correlate brain wave patterns with behav­
ioral characteristics. Additional attention was devoted early in the history of encephalography 
to quantitative analysis of brain waves; probably the first reasonable approach to a quanti­
tative study was measurement of the height of the recorded waves (5). Kornmüller (4) in 
1937 presented such a system of amplitude measurements from positive to negative extremes. 
Although this early attempt at quantification yielded some interesting facts, such peak-to-
peak measurements proved to have little or no predictive value (3). 

Study of amplitude measurements has progressed to methods of measuring the area under 
the recorded wave, which represents integration of the voltage represented by the wave. The 
electrical output is further integrated over intervals of time, the resulting average voltages 
giving a series of numbers describing the mean electrical activity over the selected period. This 
entire voltage integration procedure can now be accomplished electronically. With the elec­
tronic integrator, as with all circuits for analysis of harmonic functions, the incoming EEG 
signals must first be rectified, so that the average value will not be zero (3). 

By 1948, Drohocki (2) had designed an automatic integrator for electroencephalography 
giving an output in the form of pulses which could be treated as numbers and submitted to 
statistical analytical procedures. 

Murphree (5), in association with Goldstein, Pfeiffer, and others (6-8), further extended the 
method by using an integrator which was solid state in design, thus overcoming the recognized 
disadvantages of the Drohocki integrator (i.e., high noise level, limited stability and limited 
dynamic range). 

Analysis of electrical energy at various frequencies is an extension of the voltage integrative 
technique, and involves the use of filters employed to divide the EEG frequency spectrum into 
narrow, adjacent frequency band widths. However, the possibility of overlaps or gaps between 
contiguous filter bands must always be taken into account. In this system the output is also 
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FIG. 1. Block diagram of recording and processing apparatus. 
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FIG. 2. Quantitative EEG effect of halothane in five subjects. Mean energy content of filtered EEG's 
showing peak levels in area of deep anesthesia (1.0% halothane). (O) 5 cycle; ( X ) 10 cycle; ( # ) 15 cycle; 
( Δ ) 20 cycle; (A) 25 cycle. 
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integrated at intervals, the mean voltages providing a series of numbers describing the elec­
trical activity within the bandwidth being analyzed (5). 

Following publication of reports of the use of this EEG quantification technique in studies 
of drug effects in animals and man, this laboratory became interested in evaluating the tech­
nique as a quantitative method for determining the narcotic effect of various inert gas mix­
tures in animals and man at normal and at high ambient pressures. 

In the initial studies, N2O was used in various concentrations at sea level pressure in an at­
tempt to produce narcotic effects in rhesus monkeys. Concentrations up to 80% N2O in O2 
neither put the monkey to sleep nor produced significant changes in the mean energy content 
as measured by integration of the EEG. 

Experimentation with N2O was not pursued at pressures greater than atmospheric since 
it was decided to employ a narcotic that would assure ability to cover the full range of CNS 
depression. 

Halothane was selected as the narcotic, anesthetic agent that would be effective enough, 
yet still relatively safe and convenient to use. It was further decided to facihtate the overall 
evaluation of EEG quantitation by avoiding an excitement stage in the monkey, and con­
centrating upon EEG recordings from the stage of deep sleep to essentially complete abolition 
of electrical activity. 

4 0 0 

0.5 1.0 1.5 

DOSE OF HALOTHANE (%) 
2.5 

FIG. 3. Quantitative EEG effect of halothane in 5 subjects. Mean energy content of unñltered EEG's 
compared to mean energy content at various niter levels. ( ) All frequency; (O) 5 cycle; ( X ) 10 cycle; 
( # ) 15 cycle; ( Δ ) 20 cycle; (A) 25 cycle. 
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Recordings were made from electrodes implanted in the skull of the monkey. A seven-pin 
electrical socket was permanently attached to the skull by wires secured by screws penetrating 
into but not through the skull. The screws, wires and base of the socket were then embedded 
in dental plastic, the scalp replaced over the operative site with only the socket protruding 
through a slit in the scalp to the surface, thus providing a ready connection to the recording 
apparatus. Heahng around the socket was rapid and complete. 

From the several pairs of leads, a single channel recording was made on magnetic tape from 
the left frontal to left occipital areas. Figure 1 shows a block diagram of the recording and 
processing apparatus. 

During each experiment respiration was supported by a small animal respirator. This was 
adjusted to maintain end-expiratory CO2 at physiological levels, thus avoiding affecting the 
EEG. Halothane concentrations (end-expiratory) were monitored with an UV analyzer that 
had been previously calibrated by gas chromatography. In addition, blood pressure was mea­
sured through an indwelling femoral catheter, and deep-body temperature was monitored 
both by a tympanic thermometer and rectally. 

The magnetic tapes from the last series of experiments revealed, in the frequency bands 
examined, an energy peak in the area of deep anesthesia that falls off only as the EEG ap­
proaches a flat tracing in the state of essentially complete CNS dysfunction (Fig. 2). 

4 0 0 

1.0 Ί .5 2.0 

DOSE OF HALOTHANE (%) 

FIG. 4. Quantitative EEG effect of halothane in 5 subjects. Mean energy content of unfiltered and filtered 
EEG's showing hypothetic curve of mean energy content unrecorded by this filtering technique. ( ) All 
frequency; (O) 5 cycle; ( X ) 10 cycle; ( # ) 15 cycle; ( Δ ) 20 cycle; (A) 25 cycle. 
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2.5 

FIG. 5. Quantitative EEG effect of halothane in 5 subjects. Mean energy content of unfiltered EEG's 
compared to mean energy content at various low frequency filter levels. ( ) All frequency; ( O ) 1 cycle; 
( X ) 2 cycle; ( # ) 3 cycle; ( Δ ) 4 cycle; (A) 5 cycle. 

When these results were compared with the energy analysis of the unfiltered composite, 
an interesting disparity was noted in both the amount of energy produced and the concen­
tration of anesthetic gas at which it peaked (Fig. 3). This would suggest that our frequency 
analysis technique has failed to detect a large energy curve probably in the low frequency 
band and somewhat approaching the hypothetical curve shown in Fig. 4. 

It therefore became apparent that the preliminary method of scanning relatively wide 
frequency bandwidths had not only failed to exclude the possibility of small frequency shifts, 
but had effectively excluded a large energy content in the frequency bands below about 3 
cps. 

Single bandwidth filters were then obtained and the magnetic tapes of originally recorded 
EEG data were reanalyzed through these filters. This revealed that the predicted low frequency 
energy was in fact present, predominantly in the 1 cps band (Fig. 5). 

From qualitative EEG studies, it is known that drugs which are CNS stimulants tend to 
produce a decrease in wave amplitude and an increase in frequency, while natural sleep and 
drugs which are sedatives tend to produce large slow waves. Quantitative analysis of the 
latter pattern would necessarily reveal an increase in EEG energy content and a shift of the 
energy to the lower frequencies. The low frequency energy shown in the halothane series (Fig. 
5) can probably be regarded as an extreme example of this recognized eflfect of depressant drugs 
upon cortical electrical activity. 

This paper has emphasized the eflfects of a general anesthetic agent, not an inert gas used 
in diving. It should be regarded as a progress report on evaluation of a method of providing a 
reproducible quantitative technique for analysis of EEG's in many situations where narcosis 
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is present. This method is now being employed to determine the narcotic effects of various 
inert gas-02 mixtures on nonhuman primates under extreme hyperbaric conditions. 
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Part XI . Influence of Inert Gases and Pressure upon Central Nervous Functions* 

DISCUSSION 
J. W. Miller, Chairman 

Dr. Doebbler: Dr. Bennett, it would seem to me that the tremendous changes in cation concentration 
you showed as occurring under relatively low pressure conditions of 300 ft breathing N2 are significant in terms 
of certain narcotic effects. You showed 30 or 40% decrease in urinary calcium and sodium. Do you have an 
explanation why one should get such a profound change under what otherwise should be not such a terribly 
stressful condition? 

Dr. Bennett: It is not quite as great as that, but I have no explanation for the change. It is an effect we 
have only just discovered and we were surprised to find it in the very deep oxyhelium dives as well. At first 
we thought it was possibly due to hypercapnia, but in deep oxyhelium diving this is not likely. 

Dr. Doebbler: Does Dr. Brauer have any comment regarding the basis of the effect of using very low 
pressures of N2O to reduce the convulsions he sees in animals breathing He at high pressure? Does he consider 
that N2 normally plays a role in the body and the absence of N2 is somehow related to the general convulsions 
he finds? Does an anticonvulsant action also occur in animals with H2 or with Ne? 

Dr. Brauer: The answer is that the anticonvulsant effects are quantitatively related exactly as their 
anesthetic potency, as determined by loss of righting reflexes. In other words, if 1 mole of N2O produces a 10% 
elevation of convulsion threshold, then 28 molecules of N2 and approximately 100 molecules of H2 would be 
needed to produce the same effect and do, in fact, exactly as predicted. 

Dr. Doebbler: Then it would seem that you are seeing a separate kind of effect with He, that is, a con­
vulsive response, which then is eliminated by small amounts of narcotic contribution from a second gas in the 
mixture. This is curious. It would seem that if this is a general phenomenon, then any very small gas molecule 
ought to be expected to behave in about the same way in producing convulsions at high pressures. 

Dr. Brauer: The concentrations which produce the protection are not small. Moreover, this type of con­
vulsion can be counteracted by central nervous system depressants such as barbiturates. 

The convulsions themselves probably have nothing to do with He itself because they can be produced at 
exactly the same pressure on exactly the same compression rate in liquid-breathing mice. I would explain the 
rate effects we see in terms of adaptation to certain ionic shifts that I think we have reason to suspect begin 
at these pressures. 

Dr. Hesser: I would like to make some comments on the role of CO2 in compressed air narcosis. Many 
years ago, in 1941, Case and Haldane reported that whereas 3-6% CO2 at normal atmospheric pressure had 
no measurable effects on manual dexterity and arithmetical performance, at 10 atm of air breathing the same 
inspired CO2 pressure caused a marked deterioration in performance and a state of confusion developed. Within 
5 min eight of the subjects became unconscious. 

Case and Haldane concluded that the combined effects of N2 excess and CO2 excess are much more severe 
than either alone. It is obvious, however, that when dealing with psychological effects of different gases these 
effects should be related to the gas pressures at the site of action rather than to the inspired gas pressures. 

We have found that due to the rises in O2 pressure and gas density in breathing air at high pressure, the 
ventilatory response to CO2 is much less at high atmospheric pressures than at sea level. Therefore, with the 
same elevated inspired CO2 tension the alveolar Ροο2 will increase much more in hyperbaric conditions than 
at sea level. 

* Panelists: J. G. Dickson, R. W. Brauer, P. B. Bennett, C. J. Knight, P. M. Criscuoli, C. M. Hesser, and 
R. Biersner. 
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We have studied the ventilatory response to CO2 in three different conditions, namely, when breathing 
air at 1.3 and at 8 atm and O2 at 1.7 atm. The inspired O2 pressure was the same in the two last conditions. 
The slope of the ventilatory response curve was found to be only about one-third at 8 atm what it was at 1.3 
atm, and about half of this decrement in slope is due to the increment in O2 pressure. 

We have also recently studied the effects of CO2 on performance at high ambient pressures. Two tests 
were used, one on manual dexterity and the other on arithmetical performance. Again the experiments were 
done on subjects breathing air at 1.3 and 8 atm and breathing O2 at 1.7 atm. Carbon dioxide was added to the 
inspired gas in concentrations equivalent to 2, 4, and 6% at sea level pressure. With no CO2 added to the 
inspired gas, the number of problems attempted was reduced by about 25% when the ambient pressure was 
raised to 8 atm. Part of this reduction was apparently due to the rise in O2 pressure. When the alveolar Pco2 
was increased by raising the inspired P c o a , performance remained unaffected in all three conditions until the 
alveolar P c o z exceeded about 40 mmHg. With a further increase in alveolar Pco2, performance deteriorated in 
all three conditions to the same extent. 

From these observations it may be concluded that high N2 pressures and high CO2 pressures act syner-
gistically in a simple additive manner rather than having a potentiating effect on each other. 

Chairman Miller: Professor Criscuoli, how do you abolish muscular artifacts in EEG recordings during 
convulsive seizures? 

Dr. Criscuoli: In our early experimental work the electroencephalograph records had many of the muscular 
artifacts. We have preferred to use rats in which the artifacts are few, or not present. 

Dr. Smith: Dr. Bennett described an effect of anesthetics in perturbing cation transport in biological 
membranes. This is widely discussed, with some investigators considering that the membranes are perturbed 
so as to increase transport, others believing transport is reduced. We have actually studied the red blood cell 
membrane and have shown that neither active transport nor the passive leak of sodium and potassium are 
perturbed by anesthetics until concentrations between five and ten times the normal anesthetic dose are reached. 
Though the theory is widely held and certainly the effect occurs in certain membranes, change in permeability 
does not appear to be a universal action of anesthetics. 

Chairman Miller: Throughout these sessions the EEG has been cited as a means of measuring con­
vulsions and as a means of measuring various states of narcosis. Different techniques have been used, ranging 
from implanted electrodes, needle electrodes, electrode skull caps, and the standard electrodes pasted on. If 
we are attempting to interpret effects of various parameters on performance or on narcosis and then make 
recommendations for divers, we must adopt standard methods for recording critical data. Any of us who have 
worked with EEG recognize the tremendous difference in recordings with these various techniques. 

Dr. Schreiner: Dr. Biersner, tests such as you have devised are very important in determining what a 
man can do under pressure. However, we also likely have problems with motivation. I refer in particular to 
the long, protracted decrement that persisted throughout the decompression phase of your deep He dive. 
We too, have had subjects get tired of doing tests and consequently we obtain results interpretable as decre­
ments but which may merely tell us that the men are tired of the game. 

What is your professional opinion about making these tests more realistically a measure of capability by 
tying them into an incentive of a sort that would motivate a man to do his best on a test? 

Dr. Biersner: Of all the tests in our particular study the last one, which showed the prolonged and con­
stant effect, was probably the one least liable to lack of motivation, largely because the divers competed against 
one another on this particular task. Their scores were read into the entire chamber and they compared scores 
and actually challenged each other to improvement. 

You have cited a real problem. We had a control group in this study simply to take boredom and habitu­
ation into account. In an upcoming test we have designed a means of study of differential risk taken at various 
stages of decompression. This test involves blatant gambling by the subjects and should be especially at­
tractive to divers. 

Dr. Godfrey: Would either Dr. Biersner or Dr. Dickson comment on how we standardize tests for sensi­
tivity to narcosis and for boredom, and relate this to general performance during compression and decom­
pression? 

Dr. Biersner: The tests themselves are not devised to detect sensitivity to narcosis. They are standard 
tests applied generally to the population. There is a problem in narcosis that is not generally noted. This is 
the basis for some of the tests being more sensitive than others. There is a difference in effect upon permanent 
and short-term memory. There is considerable literature available in neurophysiology and neuropsychology 
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on the effect of narcosis on the consolidation phenomenon in processing of information in various organisms, 
including man. 

The reason that short-term memory is more sensitive than arithmetic ability or tests of orientation is 
that there is a disruption of the consolidation of permanent memory; the short-term memory is used as a 
device for measuring this effect. This alludes to an interesting application of narcosis other than in diving 
and studies of behavior at various depths. Nitrogen at high pressures or N2O should be used and pursued by 
more people to study the actual basic consolidation processes and phenomena that are present in all organisms 
and by which all organisms code information into permanent storage. These are very useful techniques and 
I think they should also be used more extensively in the diving area. 

Dr. Brauer: I must comment on the differences between the deep and essentially trouble-free dives 
Dr. Bühlmann has performed at Alverstoke and experiences I have had with prominent electroencephalo­
graphic and other indices of CNS effect. I am confident that the phenomena that we have seen are repro­
ducible. They were reproduced in seven separate dives and can be reproduced on demand. It has been rather 
well agreed that as the compression rate is slowed the nervous effects become less marked. 

One of the differences between our groups is that our subjects were at rest and the one or two individuals 
that were not at rest felt conspicuously more comfortable than the ones whom we had seated in a chair so that 
we could get good EEG's on them. I wonder to what extent in fact activity is a pertinent factor in reducing 
the intensity of the neurological effects. In the case of animals there is no question that at compression rates 
of the order of 20 atm/hr, which is slower than those used here, I have yet to see an animal that does not de­
velop tremors. 

It is unfortunate that none of us knows the neurological basis for the tremors which we can produce. There 
is no knowledge at the moment whether this is a peripheral or a central problem. 

Dr. Bennett: Although there were no gross tremors in the studies with Dr. Bühlmann at the Royal 
Naval Physiological Laboratory at Alverstoke, certainly there were changes in the ballbearing test, which 
was a pretty sensitive test of tremors, as used in the past, during the first hour or so when you would expect 
to find this. In further agreement with past research, one would expect this to improve with continued exposure. 
Also, a number of the other tests showed a small decrement during the first hour. However, there was no major 
impairment in the men's functional capacities really. They could have worked if they had wanted. 



P E R F O R M A N C E A S P E C T S O F A N O P E N - S E A S A T U R A T I O N 
E X P O S U R E A T 6 1 5 F E E T 

Joseph B, Maclnnis 

In 1967, we undertook a qualitative study of two He-02 divers performing realistic work 
while saturated in the open sea at the deep edge of the continental shelf. Although this dive 
to 615 ft was the first human open-sea saturation exposure to this depth, it was the logical 
continuation of a long series of studies carried out in our laboratories. One of these exposures 
has been previously reported in the third symposium, but since its physiological findings were 
the keystone of our open-sea studies, it is relevant to summarize it here briefly. 

In 1965, two men were exposed to He with O2 for 2 days in a dry chamber to a pressure 
equivalent to that at a depth of 650 FSW (3). At maximum pressure, Poi was maintained at 
0.35 atm abs. Detailed cardiorespiratory, hematological, biochemical, psychological, and re­
lated investigations did not reveal any significant changes in homeostasis as a result of this 
exposure (Table I). The success of this laboratory study generated the confidence that al­
lowed us to proceed with the applied study in the open sea. 

Our investigative focus was now logically shifted to encompass performance rather than 
physiological aspects of the exposure. 

In concert with Esso Production Research of Houston, Texas, an underwater mission relevant 
to subsea oil production systems was devised. This mission evolved with the knowledge that 
current diving tasks include a complex sequence of motor activities ranging from fine digital 
manipulation of small items to gross manhandling of heavy objects. Accompanying this 
physical effort is a parallel sequence of mental functions related to recognizing and solving 
problems imposed by the task and the environment. 

Throughout the physical and mental efforts required to complete any task, the diver must 
pay constant attention to the safety and performance aspects of the dive. These include the 
status of his breathing apparatus and thermal protective suit, as well as the function of sup­
portive tools and equipment. All of the above entities must be coordinated with a standby 
diver and the topside crew. 

The study of ''real work" tasks poses substantial difliiculties. Attempts have been made by 
Bo wen (2), Badderley et al. (1), and others to develop structured test batteries to investigate 
specific skills. However worthwhile these studies are, it is frequently diflicult to relate and 

5 1 3 
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T A B L E I 

Exposure factors Studies conducted 

Pressure: 

O2: 
CO2: 
Inert gas (He): 
Temperature: 
Relative humidity: 

650 FSW 
(20.7 atm abs) 
0.35 atm abs 
< 1 % sea level equivalent 

20.3 atm abs 
85-88°F 
75-90% 

Trace contaminants: insignificant 

General medical 
Electrocardiogram 
Blood pressure 
Body temperature 
Pacoj respiratory frequency 
CO2 response 
Pulmonary function 
Exercise tolerance 
Work of breathing 
Psychological 
Urine stress steroids 

Implications 

No acute or latent detriment to health 
Well-being insignificant change in functionality 

integrate the findings to actual tasks deep beneath the sea. For these reasons we decided to 
formulate a comprehensive simulation which would incorporate the full range of diving skills. 

Our mission objective was to obtain a series of comparative performances of the same task 
conducted under varying environmental conditions. We wanted a '̂real Ufe'̂  work simulation 
which would require considerable mental, psychomotor, and strength function from the diver. 
We selected a task that required the diver to dynamically place a large and heavy object into 
a series of specific configurations. A mockup was built in order to carry out the work in the 
multiple environments we had selected (Table II). 

The specific task was subdivided and an attempt was made to standardize its execution. It 
was surrounded with a series of related but unstructured tasks which were performed by the 
divers only during the open-sea phase of the study. During a 4-week period the standardized 
task was carried out a total of 79 times on dry land, in a 10-ft deep tank and in the shallow 
and deep sea. Intense observations were made to determine the conditions which influenced 
performance effectiveness. Four divers began the task and the best two were selected to per­
form the open-sea work. 

Although diver performance was our primary study goal, we also made efforts to gather 
physiological data (Table III). To this end, daily weights, nutrition and fluid intake, and 
general medical histories were obtained. In addition, EEG and EKG tracings were obtained 
on the working divers by Dr. C. W. Sem-Jacobsen with his portable VESLA recording device. 

The divers remained saturated for 53.5 hr. Excursions to 625, 632, and 636 ft were required 
due to shght variations in bottom topography where the mockup was placed. 

The dive profile commenced with a compression to 625 ft which took 15 min. An inspection 
dive revealed the mockup to be so angled into the mud that the performance task would have 
been impossible to carry out. Thus the divers returned to the submersible chamber and Yi 
hr later they were transferred to the surface deck chamber. For the next 35 hr heavy seas and 
rain squalls prevented any underwater work. However, after 40 hr the first diver was able to 

SUMMARY OF A FOUR M A N - D A Y ( D R Y CHAMBER) EXPOSURE TO 6 5 0 F S W 



DEEP SATURATION PERFORMANCE STUDIES 515 

T A B L E II 

Standardized task Unstandardized tasks Environments 

Valve rigging and placement General rigging Sea level 
Shackle eye-bolt 
Loosen 4 nuts and bolts Lubricator task 1 0 ft 
Winch up valve Remove bull plug Warm water 
Remove clamp assemblies Uncouple lubricator from S.D.C. Good visibility 
Slide post horizontally Transport lubricator to mockup 
Replace ring seals Align and stab lubricator into 1 0 ft 
Cover valve flanges union Cool water 
Rotate valve 1 8 0 ° Hand tighten knurled nut of Blindfolded 
Lower and raise valve union 
Reposition post horizontally Reverse whole procedure 4 5 , 5 5 , 7 0 ft 
Remove protective plates Cool water 
Final alignment Bolt tightness task Good visibility 
Replace clamp assemblies 
Winch down valve 6 3 2 and 6 3 6 ft 
Secure bolts to 1 5 0 ft lb Cold water 

Good visibility 

lock out into the sea; he worked for 2 hr 37 min at 636 ft. Nine hours later the second diver 
worked for 2 hr 30 min at 632 ft. Decompression to the surface was carried out at 15 min/ft 
without incident. 

During the overall exposure a total of 5.5 hr was spent swimming and working at an average 
depth of 630 ft at a water temperature of 56-58°F. 

T A B L E III 

SUMMARY OF A FOUR M A N - D A Y (OPEN-SEA) EXPOSURE TO 6 1 5 F S W 

Exposure factors Studies conducted 

Pressure: 

Excursions to: 
O2: 
CO2: 
Inert gas (He): 
Temperature: 
Relative humidity: 
Trace contaminants: 

6 1 5 FSW 
( 1 9 . 6 atm abs) 
6 2 5 , 6 3 2 and 6 3 6 ft 
0 . 3 5 atm abs 
< 1 % sea level equivalent 
19 .3 atm abs 
8 6 - 8 8 ° F 

8 0 - 9 0 % 

not measured 

Performance 
Valve rigging and placement 
General rigging 
Lubricator task 
Bolt tightness 

Physiology 
General medical 
Daily weights 
Nutrition and fluid intake 
EEG and EKG 
Body temperature 

Implications 

No acute or latent detriment to health 
Well-being task performance slower than under terrestrial or shallow water conditions. 

D E E P SATURATION PERFORMANCE STUDY: T A S K AND ENVIRONMENTAL ELEMENTS 
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The two divers selected for the open-sea performance were experienced young men who 
had worked for several hundred hours at depths greater than 200 ft and together had accu­
mulated almost 20 years of diving experience. They were kept warm by hot-water immersion 
suits and both reported feehng thermally stable during their 5.5 hr at maximum depth. Heated 
water from the surface was pumped through an insulated hose to a matrix of small tubes and 
apertures that bathed their skin with hot water during their free-swimming period. 

The breathing systems used were semiclosed devices which were new to the divers at the 
beginning of their training for the saturation dive. Although one man had previous U. S. Navy 
Underwater Demolition Unit experience with this rebreathing system, his total number of 
hours of practice was relatively small. This inexperience did not appear to subjectively affect 
task performance although breathing rates were in the order of 20-24 breaths/min. 

As can be seen in Table II, the essential task involved the positioning and aUgnment of a 
480-lb valve in order to replace the gasket seals. Mechanical assistance was provided by a 
hydrauhc winch, but several times brute physical force was required. 

It is extremely difficult to obtain relevant performance or physiological information from 
divers working in the deep sea. The multiple-stress environmental framework almost pre­
cludes study of discrete variables. However, we did make serial observations of the same 
divers performing the same task under progressively changing conditions. Study of our video 
tapes has revealed that at maximum depth we were watching divers who, although they were 
working effectively, proceeded with slower, more measured movements than were evident at 
shallower depths. 

Several factors made valid comparison with the preparatory, shallow dives difficult. First, 
only two trials were made of the performance task at maximum depth compared with 47 at 
sea level, 24 at 10 ft, and 6 at the 45-70 ft range. Second, during the initial trial at maximum 
depth, the mockup landed at a sharp angle on the sea floor and made the performance mission 
significantly harder. 

The time for each of the two divers to complete the standardized portion of his task was 
recorded (Table IV). Several observations are especially interesting. At sea level on dry land 
the completion times indicate that, at least in the terrestrial environment, the learning curve 
began to level off. It took the divers appreciably longer to carry out the tasks at maximum 
depth than under any other set of conditions. This increase in time can be attributed to many 
factors, such as the difficult angle of the mockup, situational anxiety regarding the breathing 
apparatus, and being the first to be so deep for so long in the open sea. Also important in slowing 
the time was the concern of the topside crew who repeatedly stressed caution and carefulness 
of movement to the divers. Although the divers said that they were warm and breathing easily, 
their performance times were almost four times longer than on dry land. It is highly likely 
that this figure would be revised downward following repeated exposures to this depth ac­
cording to learning and adaptation factors. 

Whatever the origins of the time delay, we know that a complex, multiple sequence of fac­
tors sufficiently stresses today's working diver so that he is unable to work with the same ease 
deep beneath the sea as he can on land. 

Welt man et al (4) in a recent report have concluded that ''for well-defined complex tasks 
of moderate workload, the use of experienced divers in a cooled tank will provide a close ap­
proximation to actual ocean operations at nominal depths.While this may be true, it is im­
perative that we ascertain how man functions as a diver at great ocean depths. We know with 
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8:40 7:32 
8:06 6:52 
6:57 6:15 

6:25 6:50 
6:05 5:20 
5:35 5:40 

7:00 5:53 
5:10 
4:50 5:15 
6:25 5:34 

Sea level 

8:18 8:10 10 ft 

8:05 7:15 Warm water 
6:45 7:20 Good visibiUty 

11:37 15:20 10 ft 
11:23 13:45 Cool water 
12:05 15:52 BUndfolded 

11:00 45 ft Cool water, good visibility 

19:30 70 ft Cool water, poor visibility 

13:35 13:22 55 ft Cool water, good visibility 

23:40 636 ft Cold water, good visibility 

21:38 632 ft Cold water, good visibility 

some confidence that today's diver can complete gross and uncompUcated tasks at depths in 
the order of 200 m. We are aware that he works slower and with less eflftciency, but we are not 
quite sure why. More important perhaps is that we really do not know how the diver will 
perform complex mental and physical tasks, particularly under the stress of an emergency. 
Prediction of future performance capability requires the obtaining of new and reliable data 
such as these symposia have been concerned with. 

TABLE IV 

D E E P SATURATION PERFORMANCE STUDY: T I M E OF STANDARDIZED T A S K COMPLETION 

Divers and time in min 

A.P. G.T. Environments 

4:45 4:15 
8:50 8:12 
8:25 10:10 (Task lengthened, made more complex and standardized) 
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7. K. Summitt, J, S. Kelley, J, M. Herron, and if. A. Saltzman 

At the time of the Third Symposium on Underwater Physiology in 1966, the efforts of the 
U.S. Navy to formulate safe decompression procedures for saturation diving were summa­
rized (1). Since that time, 23 deep saturation-excursion dives have been conducted at the 
U.S. Navy Experimental Diving Unit (6), including the then record-breaking exposure of 
two men to a simulated depth of 1025 FSW in February, 1968. More recently, a number of 
nonsaturation dives and excursion dives have been conducted in other chamber facilities to 
simulated depths well beyond 1000 ft (R. W. Brauer, A. A. Bühlmann, and A. Galeme, per­
sonal communication). Animal studies have been conducted to depths in excess of 3000ft 
(3, 5). These exposures have demonstrated that man and animals can survive and continue 
to be physically active at tremendous pressures but, for the most part, they have not pro­
vided objective, quantitative data concerning man's physiological hmitations and physical 
capabihties even at pressures equivalent to 1000 ft. 

In December, 1968, the U.S. Navy and Duke University effectively combined their medical 
and scientific resources to conduct a study of five trained men during compression to a simu­
lated depth of 1000 FSW, during subsequent saturation at this pressure for 77 hr and 30 min, 
and during decompression back to sea level pressure. Tables I and II outline the studies that 
were completed in each phase of the dive sequence. 

Dive Procedure 

G E N E R A L A P P R O A C H 

Since the primary purpose of the dive was the successful completion of a series of biomedical 
and equipment tests, it was important that the subjects remain in the best possible physical 
condition throughout the exposure. Therefore, a dive profile was chosen which would assure, 
insofar as possible, unimpaired subject performance during all phases. The decompression 
schedule used was designed to minimize the risk of serious decompression sickness rather than 
to test new decompression procedures. 

519 
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T A B L E I 

1. Medical history 

2 . Physical examination 

3 . E N T examination 

4. Audiogram 

5. Ophthalmology examination 
Refraction 
Intraocular tension 
Color vision 
Polaroid stero test 
Maddox wing test 
Maddox rod test 
Slit lamp examination 
Fundus copie 

6. Chest X-ray 

7. Long bone X-rays 

8. Hemogram 
Hematocrit 
White cell count 
Differential 

9. Urinalysis 

1 0 . E K G 

1 1 . EEG 

12 . Pulmonary function studies 

1 3 . Blood chemistries 
Blood urea nitrogen 
Electrolytes 
Uric acid 
Glucose 
Enzymes 
Complement 

A T M O S P H E R E C O N T R O L 

The Ρθ2 in the chamber (Fig. 1) remained between 0.26 and 0.35 atm except for two short 
periods during decompression. Approaching the 450-ft decompression stop, the O2 pressure 
was allowed to drop to 0.19-0.20 atm in order to meet the special requirements of an experi­
ment scheduled at that depth. During the decompression sickness treatment schedule used 
at 170 ft, O2 pressure was allowed to rise to 0.5 atm. 

0 1 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 
0 9 8 0 1 0 0 0 9 0 0 7 4 0 5 6 4 4 0 6 2 4 6 8 9 

1 0 0 0 1 0 0 0 8 2 0 6 5 0 4 8 4 3 2 6 1 5 0 6 

T i m e ( d a y s ) / d e p t h (FSW) 

FIG. 1. P02 in the chamber environment during the dive. 

PREDIVE AND POSTDIVE MEDICAL EVALUATION 
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T A B L E I I 

A. During descent to 1000 ft 

1. Volume/flow respiratory studies 
2. Helium unscrambler recordings 
3. Human performance studies 

Psychological stress studies 
Manual dexterity tests 
Learning and memory tests 
Odd-even reaction time tests 

B. At 1000 ft 

Volume/flow respiratory studies 
Helium unscrambler recordings 
Human performance studies 

Psychological stress studies 
Manual dexterity tests 
Learning and memory tests 
Odd-even reaction time tests 

Respiratory gas exchange study 
Exercise-respiratory study 
Visual studies 
Metabolic studies 
Neurophysiological studies 

Sleep EEC's 
Evoked potentials 

9. Equipment tests 
Cold water swims 
Warm water swims 

10. Miscellaneous 
Physical examinations 
Blood chemistries 
EKG's 

Unscheduled exercise 

C. During ascent to the surface 

7. 

Volume/flow respiratory studies 
Helium unscrambler recordings 
Human performance studies 

Psychological stress studies 
Manual dexterity tests 
Learning and memory tests 
Odd-even reaction time tests 

Sound level measurements 
Hearing threshold measurements 
Equipment tests 

Warm water swims at 850 ft 
Warm water swims at 650 ft 

Miscellaneous 
Physical examinations 
Blood chemistries 
EKG's 

^ 0 1 2 3 4 5 6 7 8 9 10 II 12 13 14 
0 9 8 0 1000 9 0 0 7 4 0 5 6 4 4 0 6 2 4 6 

1000 1000 8 2 0 6 5 0 4 8 4 3 2 6 150 

T i m e ( d a y s / d e p t h F S W ) 

15 16 
8 9 

6 

FIG. 2. Environmental temperature ( • ) and relative humidity ( · ) in the chamber during the dive. 

EXPERIMENTAL STUDIES COMPLETED DURING THE D I V E 
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FIG. 3. Hyperbaric and hypobaric environmental facility at Duke University Medical Center. 

The CO2 pressure remained below the equivalent of a 0.25% concentration at sea level. 
Temperature and relative humidity varied over a wide range (Fig. 2) and were the source of 
some discomfort for the subjects. 

C O M P R E S S I O N P H A S E 

At 1621, 2 December 1968, five subjects entered the hyperbaric chamber complex at Duke 
University (Fig. 3) and began compression. An initial phase of compression to 14 FSW was 
made with compressed air to establish the desired 0.3 atm of O2 pressure. Thereafter, com­
pression was accomplished using pure He and an average compression rate equivalent to 40 
FSW/hr. This consisted of a 20-min compression period and a 40-min ^'compression stop" 
each hour, as indicated by the heavy dots on the compression line in Fig. 4. Oxygen was added 
as necessary to maintain the 0.3 atm P02, and 24 hr and 22 min after leaving the surface, a 
pressure equivalent to 1000 FSW was reached. This pressure was maintained for a period of 
77 hr and 30 min. 

D E C O M P R E S S I O N P H A S E 

At 2213, 6 December 1968, decompression was begun from 1000 to 970 FSW at a continuous 
rate of 2 min/ft. Thereafter, ascent was scheduled to be continuous at a rate of 15 min/ft 
except for the addition of 4-hr stops at 10 staging depths as indicated in Fig. 4. This procedure 
was shghtly modified, as follows: (1) The 450-ft stop was extended 14 min to allow comple­
tion of an experiment scheduled at that depth; (^) the 150-ft stop was interrupted to treat a 
mild case of decompression sickness in one diver. 
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4 5 6 7 8 9 10 I I 

T i m e ( d a y s ) 

12 13 14 15 16 

FIG. 4. 1000-ft saturation dive profile. Compression phase: 24 hr 22 min; saturation phase: 77 hr 30 min; 
decompression phase: 284 hr 50 min. ( # ) Compression stop; (·#-) decompression stop; (-^) recompression 
treatment cycle. 

General Medical Observations 

C O M P R E S S I O N A R T H R A L G I A 

All of the subjects experienced the sensation of mild joint stiffness during compression to 
and the stay at the 1000-ft chamber pressure. In addition, four subjects complained of occa­
sional transient joint pains associated with exercise or sudden movements. Only one subject 
complained of constant joint discomfort throughout the bottom time and this was not dis-
abhng. In general, these symptoms gradually decreased with time at depth and disappeared 
completely early in the decompression phase. 

Compression arthralgia has been relatively common during deep saturation dives at the 
Experimental Diving Unit. The knee, shoulder, elbow, and hand joints have been most com­
monly affected, but the ankle, hip, and sacroiliac joints have also been involved. Subjects 
have usually described a vague sensation of joint discomfort, such as tightness or stiffness, 
associated with increased pain and cracking of the affected joints during exercise. While the 
symptoms are usually mild, they may occasionally be severe enough to prevent normal ac­
tivity on the bottom and, rarely, may be disabling enough to require termination of the dive 
and immediate decompression. 

The basis for joint pain or discomfort on compression is not known. In the past, it has been 
associated with rapid rates of compression to depths greater than 300 ft. Indeed, slow compres­
sion does seem to reduce the severity, though not necessarily the incidence of the symptoms. 
Kylstra has suggested that osmotic gradients created by the inert gases dissolved during 
compression might result in a small fluid shift from the joint tissues and produce symptoms. 
It is not known whether this is a \''alid explanation. 

From a practical point of view, compression arthralgia annoys the divers and complicates 
the diagnosis of decompression sickness during the subsequent decompression to the surface. 
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One must speculate as to whether the symptoms indicate significant tissue injury which might 
compromise decompression procedures or might manifest itself as a residual effect of deep 
diving operations. 

H E L I U M T R E M O R S 

Gross tremors could not be demonstrated in any of the subjects at 1000 ft using the stan­
dard neurological techniques. However, two subjects subjectively noted fine tremors while 
performing tasks which required precise motor function, i.e., inserting flexible arterial can­
nulas or changing membranes on the CO2 and O2 electrodes. One of these subjects also de­
scribed momentary diflSculty with muscular control while trying to Hft a heavy deck plate. 
The remaining three subjects thought that their motor performance on the bottom was es­
sentially the same as at the surface. It would appear that the so-called ''helium tremors" did 
not present a serious problem under the conditions of this dive. However, other investi­
gators have observed gross tremors and other motor dysfunctions during He -02 dives to depths 
shallower than 1000 ft (R. W. Brauer, Η. V. Hempleman—personal communication). This 
would suggest procedural differences as a possible etiological factor and, as with compression 
arthralgia, He tremors have been subjectively associated with rapid compression. Unfortu­
nately, rapid compression involves a situation in which precise environmental control is ex­
tremely diflicult. Thus, temperature, humidity, and gas concentrations in the breathing 
mixture may also be important factors in producing this neuromuscular dysfunction. 

A M B I E N T N O I S E 

During the first day of decompression, a malfunction of the main ventilation fan resulted 
in increasing ambient noise inside the chamber. By the second day of decompression, two of 
the subjects were beginning to complain of symptoms related to the noise level. Recordings 
taken with a General Radio Sound Level Meter (Type 1551-C) inside the chamber revealed 
a background sound level of approximately 80 dB. This reading compared reasonably well 
with the 83 dB recorded outside the chamber near the main ventilation shaft seal. The reported 
symptoms promptly disappeared when the main ventilation system was inactivated. The 
noise level inside the chamber then dropped to 63 dB, even with the auxiUary ventilation 
system operating. The auxiUary system was utihzed throughout the remainder of the de­
compression, with operation of the main ventilation system restricted to brief periods when 
O2 was being added to the chamber atmosphere. This was necessary to prevent pocketing of 
the O2 under the deck plates in the main chamber. 

M I D D L E E A R S Q U E E Z E 

All of the subjects experienced some difl&culty keeping the middle ear pressure equalized 
with the ambient pressure during compression. No doubt, small but significant pressure dif­
ferentials did exist part of this time, particularly during periods of sleep. Fortunately, only 
one subject developed a serous otitis media, and this resolved during the first day at 1000 ft. 

E X T E R N A L O T I T I S 

All but one of the subjects developed moderately severe external otitis during the dive, 
and treatment with analgesic-antibiotic drops was only partially successful. One can specu-
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late as to whether the particular circumstances of a closed environment, high ambient tem­
perature, and high relative humidity are conducive to resistant superficial infections. Bacterio­
logical studies performed in other saturation dives at the Experimental Diving Unit have 
demonstrated a marked increase in the bacterial flora of the skin and external ear canals fol­
lowing excursion dives. However, the bacterial counts progressively decreased toward the 
control levels following the last water exposure and were not associated with a higher incidence 
of infections or resistant infections (2). One additional factor may have been repetitive trauma 
to the external ear canals secondary to repeated otoscopio examinations. 

AU of these infections markedly improved within the first 24 hr after reaching the surface 
and resolved almost completely within 72 hr. 

A B D O M I N A L P A I N 

Shortly after reaching 1000 ft, one subject (the medical officer) developed severe, cohcky 
abdominal pain associated with increased flatus and intestinal motility. Partial relief was 
obtained following two normal bowel movements. After approximately 3 hr, the symptoms 
subsided spontaneously and did not recur. Fortunately, this incident did not develop into a 
serious problem requiring intensive medical support, but the possibility seemed very real at 
the time. With the large number of saturation dives being performed today, it is not unhkely 
that medical support will have to be provided at high pressure. More attention needs to be 
given to the selection of drugs, equipment, and procedures apphcable to the care of an acutely 
ill patient on a deep dive. 

i 8 0 | 

1 7 0 

^ 1 6 0 

1 5 0 

14 of 

P a t i e n t r e p o r t e d p a r t i a l 
r e l i e f o f s y m p t o m s 

P a t i e n t r e p o r t e d c o m p l e t e 
r e l i e f o f s y m p t o m s 

1 5 0 f o o t 
d e c o m p r e s s i o n s t o p 

O n e s u b j e c t r e p o r t e d 
p a i n in l e f t k n e e 

3 3 8 3 3 9 3 4 0 3 4 1 

E l a p s e d t i m e o n t h e d i v e ( h o u r s ) 

3 4 2 

FIG. 5. Recompression treatment schedule. ( ) Subjects breathing chamber atmosphere (Po„ 0.3-0.5 

atm); ( ) subjects breathing He-02 by mask (P02, 2.46 atm). 
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D E C O M P R E S S I O N S I C K N E S S 

Approximately 2 hr after reaching the 150-ft decompression stop, one subject began com­
plaining of a mild, aching pain in the left knee. A diagnosis of decompression sickness was 
made and immediate treatment was instituted, as follows (Fig. 5): The entire chamber com­
plex was recompressed to 170 ft with pure He. All subjects were started on a therapeutic regi­
men consisting of intermittent high O2 (2.46 atm) by mask. The patient obtained partial relief 
during the first high O2 exposure period and complete relief during the second. Treatment 
was continued for 1 hr thereafter and was followed by decompression directly to 150 ft at a 
rate of 2 ft/min. At 150 ft, the regular decompression schedule was resumed. In an effort to 
decrease the probability of recurrent decompression problems, the 100-ft and oO-ft decom­
pression stops were modified to include a 2-hr recompression cycle similar to the treatment 
schedule described above. No further difficulties were encountered. 

M I S C E L L A N E O U S P R O B L E M S 

All of the subjects reported substantial dissatisfaction with the environmental control of 
temperature and humidity. External control frequently seemed inappropriate and a desire 
for internal control of the environmental conditions was expressed. The subjects also reported 
sensitivity to small changes in the temperature in the He atmosphere. A typical observation 
was that, when the subjects were lying down, the skin adjacent to the mattress had a sensa­
tion of excessive warmth and perspiration, while the areas covered only with clothing or a 
blanket had a sensation of being very cold. In general, the gas circulating system appeared to 
work adequately and the problem was not one of thermal stratification within the chamber. 

There was difficulty keeping the communications and entertainment loud speaker systems 
at an appropriate sound level. Again, there was an expression of interest in internal control 
of these units. 

With the intense level of activity and continuous environmental discomfort, fatigue was 
cumulative during compression and the time on the bottom. General observations after only 
2 days reflected the effects of sleep deprivation. Another factor which was extremely irri­
tating to the subjects was the essentially complete unintelligibility of He speech at 1000 ft. 

Conclusions 

Divers can perform well at pressures equivalent to 1000 FSW under the conditions of this 
dive, provided the life support systems provide other conditions equivalent to those at the 
surface. The medical problems encountered during the dive were relatively minor, but the 
potential for serious illness on deep saturation dives needs to be emphasized. 
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H E L I U M - O X Y G E N S A T U R A T I O N - E X C U R S I O N D I V I N G 
F O R U . S . N A V Y 

Robert C. Bornmann 

The SeaLab III operation was suspended shortly after it began in February 1969, due to 
the death of Aquanaut Berry Cannon and to other, unrelated, problems. In the preparation 
for and the short interval of this operation, considerable valuable information about deep 
saturation diving was acquired, and this information is being used to improve operations now 
with the Mark 2 Deep Diving System. It will be used as well to improve the SeaLab ocean 
floor habitat experiment as it is rescheduled. Unfortunately, this information chiefly concerns 
engineering and equipment. Medical scientists will have to await another opportunity to 
determine the total effects of the physiological and psychological stresses on man living and 
working out of a sea floor habitat at 100 fathoms. 

Although only a sea floor operation can tie together all the interacting stresses in this deep, 
hostile environment, one should not overlook the solid accomplishments of more than six 
years of medical research and chamber dives which have been carried out under the direction 
of the U.S. Navy Deep Submergence Systems Project (DSSP) and its predecessors for the 
U.S. Navy SeaLab and the Man-in-the-Sea programs. The coming months will be utihzed 
to fuU advantage; the requirements and the challenges for future open-sea operations are 
being investigated. This report concerns the first phase of a DSSP program which was begun 
in February 1969. 

The diving procedure developed originally in preparation for SeaLab III is now a U.S. Navy-
standard and is the basis for all Navy saturation diving. The portions significant for satura­
tion-excursion diving include control of the P02 iu the habitat area (this term will refer either 
to a sea floor habitat or to a deck chamber of Deep Diving Systems) at 0.3 atm abs or 10 FSW. 
The saturated diver therefore will equilibrate at an inert gas tension which is 10 ft less than 
the absolute pressure inside the habitat. Excursion diving will ordinarily be done with a Navy 
semiclosed-circuit underwater breathing apparatus. The constant mass-flow regulator will be 
adjusted to maintain the inhaled P02 C'bag leveFO near 1.0 atm abs, but in practice, with 
changes in depth and in the diver's O2 consumption, the bag level wiU vary between 0.5 and 
1.5 atm abs. For decompression calculations it has been assumed that this level will never be 
less than 0.4 atm abs or 13 FSW. In an excursion the He pressure to which the diver is ex­
posed is taken as 13 ft less than the absolute pressure of the excursion depth. 

5 2 9 
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T A B L E l - A 

Depth of excursion from 
saturation exposure (ft) 

No-decompression 
limits (min) 

Repetitive group designation 

Β D Ε 

+ 2 5 6 0 1 5 0 3 0 0 6 0 0 

+ 5 0 2 7 0 3 0 6 0 1 0 0 1 5 0 2 1 0 2 7 0 

+ 7 5 1 5 0 2 0 4 0 6 5 9 0 1 2 0 1 5 0 

+ 1 0 0 6 0 1 0 2 0 3 0 4 0 5 0 6 0 

When the diver makes an excursion to greater depths, his tissue inert gas tensions will in­
crease. When he returns to the habitat they will return to the equilibrium level. This is the 
same situation as in diving from the surface and can be analyzed with the modified Haldane 
method used in the U.S. Navy (1, 6). However, the hmiting elements for no-decompression 
excursion dives from increasing saturation depths reside in slower and slower half-time tissues, 
due to the splay of Μ values as depth increases. Therefore the magnitude of the dives per­
mitted under these circumstances is much in excess of that for air excursion dives from the 
surface. Larsen and Mazzone (4) discussed this situation in 1966 when they reported on ex­
cursions from air saturation dives at 35 ft. Other work has been reported by Krasberg (3) 
and by Hamilton, Fructus, and Fructus (2). DSSP is developing tables for repetitive satura­
tion—excursion diving for use with the Navy^s new Deep Diving Systems. 

The tables are hmited to no-decompression dives and to excursion depths at which the bot­
tom time is 60 min or more. Inert gas uptake in the excursions was calculated for a 200-min 
half-time rate, and gas ehmination in the habitat was calculated at a 240-min half-time rate. 
The Μ value for both the 200- and the 240-min half-saturation-time tissue was accepted as 
20 ft above the absolute depth of the saturation dive (6). 

T A B L E 1-B 

NO-DECOMPRESSION LIMIT TABLE, REPETITIVE GROUP DESIGNATION TABLE, AND REPETITIVE 

EXCURSION TIMETABLE FOR EXCURSIONS FROM SATURATION EXPOSURE AT A DEPTH 

BETWEEN 3 0 0 AND 6 0 0 F S W GAUGE DEPTH 

Depth of excursion from 
saturation exposure (ft) 

No-decompression 
Hmits (min) 

Repetitive group designation 

Β D Ε 

+ 2 5 _ 6 0 1 5 0 3 0 0 6 0 0 

+ 5 0 2 7 0 3 0 6 0 1 0 0 1 5 0 2 1 0 2 7 0 

+ 7 5 1 5 0 2 0 4 0 6 5 9 0 1 2 0 1 5 0 

-f- 1 0 0 1 0 0 1 5 3 0 4 5 6 0 8 0 1 0 0 

+ 1 2 5 7 5 1 0 2 0 3 0 4 5 6 0 7 5 

+ 1 5 0 6 0 1 0 2 0 3 0 4 0 5 0 6 0 

NO-DECOMPRESSION LIMIT TABLE, REPETITIVE GROUP DESIGNATION TABLE, AND REPETITIVE 

EXCURSION TIMETABLE FOR EXCURSIONS FROM SATURATION EXPOSURE AT A DEPTH 

BETWEEN 1 5 0 AND 3 0 0 F S W GAUGE DEPTH 
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All excursions are to depths greater than the saturation depth. The question of a ''negative" 
excursion dive is an important one. In a sea floor habitat with a bottom hatch, the saturation 
pressure throughout the habitat is necessarily that of the water pressure on the bottom of 
the structure. Habitats such as the Navy SeaLab III can rise as much as 35 ft above the depth 
of this hatch. It might be extremely important sometime for an aquanaut to reach an item 
mounted high on this structure, and there is at present no good information about the risk 
of decompression sickness which he might face in doing so. This is a vexing problem, but it 
was not considered part of the present project. 

In the particular case of a 350-ft saturation dive, tissues with half-saturation times less 
than 200 min play no part in limiting no-decompression dives. The inert gas tensions of the 
diver will equilibrate at 373 ft (383 abs — 10). For a no-decompression return to 350 ft, the 
tension in the diverts 200-min half-time tissue must not have increased to more than 403 ft 
(M = 383 + 20), or to more than 30 ft above the equilibration value (403 - 373). In a 150-
ft excursion to 500 ft (533 abs), the He pressure of the diver's breathing mixture would in­
crease to 520 ft (533 - 13) and this will develop an initial driving force or ΔΡ of 147 ft (520 -
373). In an excursion 25 ft shallower, the initial AP would also be 25 ft less. 

Figure 1 graphs the time course of He uptake in the diver's 220-min half-time tissue in a 
150-ft excursion dive and in a 125-ft excursion dive. The calculated increases are nearly linear. 
The 30-ft scale is divided into six 5-ft increments labeled A through F. In a 150-ft excursion 
the total pressure increase is less than 30 ft in 60 min, and the increase in each 10-min interval 
is also less than each 5-ft increment. In a 125-ft excursion the initial AP is smaller and the 
uptake curve lies below each 5-ft increment at the 10, 20, 30, 45, 60, and 75-min intervals. 
Six intervals have accordingly been used in Table I-B to tabulate the diver's debit against his 
no-decompression limits. Similar graphings have been used to devise figures for excursions 25, 

X 

T i m e (mm) 

F i G . l . Increase with time of the inert gas (Pne) in the 200-min half-saturation-time tissue of a diver in dives 
from a habitat at 350 FSW gauge depth to excursion depths of 500 and 475 ft. Tissue tension expressed in FSW 
abs. With Ρθ2 of habitat controlled at 0.3 atm abs, the diver has been previously equilibrated to inert gas 
pressure of 373 FSW absolute. Increase to 403 ft is maximum permitting no-decompression return to habitat. 
(I) Excursion to 500 ft, initial ΔΡ = + 147 ft; (II) excursion to 475 ft, initial ΔΡ = + 122 ft. 
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50, 75, and 100 ft deeper than 350 ft. The format for these tables follows as closely as possible 
U.S. Navy standard tables for repetitive air diving (5) and repetitive He -02 scuba diving (7). 
However, since these new tables are hmited to no-decompression dives, it has been possible 
to eliminate the third 'Repetitive Dive Timetable," as its figures in this case are identical 
with the Repetitive Group Designation Table." In the system of designations used for the 
repetitive tables of the U.S. Navy Diving Manual, a 75-ft excursion for 90 min would put the 
diver in a ' Ό " group at the end of his dive. A diver in a D group at the beginning of a 75-ft 
excursion would have to subtract 90 min from the no-decompression bottom time permitted 
to him. His ''residual helium time" is 90 min in the latter situation. 

The inert gas tension in the diverts slowest tissues will never be more than 403 ft if he stays 
within the Umits of this table. His ΔΡ for inert gas ehmination in the habitat during intervals 
at habitat pressure will always be —30 ft or less. Figure 2 graphs the fall of tissue gas tension 
at a 240-min half-time rate. This curve also can be blocked off into six intervals of 5-ft de­
crements and the results are as shown in Table II. The use of this table is exactly the same 
as the two other standard Navy Surface Interval Credit Tables (5, 7). Subtract the absolute 
depth from the above calculations for a 350-ft saturation-excursion dive and the figures will 
remain the same in similar excursion dives no matter how the saturation depth changes. 

Figure 3 is a graphic display of the changes in Μ values with increasing depth, where Μ 
is the maximum inert gas tension which will permit ascent to the depth indicated. This is a 
shght modification of Workman's original table (6). The abscissa is gauge depth; the ordinate 
is the quantity Μ minus the absolute depth, or the excess of tissue inert gas tension over the 
hydrostatic pressure at each depth. The limits for the 200- and 240-min half-time tissues are 
identical and maintain a constant 20-ft distance above the saturation depth (zero slope). The 
hnes for the 80- and 120-min half-time tissue Umits are actually parallel and separated by a 
vertical distance of 2 ft but appear here as one line. The right-hand scale for the ordinate is 

FIG. 2. Decrease with time of the inert gas (Pne) in the 240-min half-saturation time tissue of a diver on 
return to habitat at 350 ft gauge depth after excursion dive which has increased inert gas tension as high as 403 
FSW absolute. With P02 of habitat controlled at 0.3 atm abs, the diver will eventually equilibrate again with 
inert gas pressure of 373 FSW abs. 
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T A B L E I I 

HABITAT INTERVAL CREDIT TABLE FOR SATURATION EXPOSURE AT A DEPTH 

BETWEEN 1 5 0 AND 6 0 0 F S W GAUGE DEPTH 

REPETITIVE GROUP 

AT THE BEGINNING OF 

THE HABITAT INTERVAL 

(from previous excursion) 

REPETITIVE GROUP 

AT THE END OP THE HABITAT INTERVAL 

(before repetitive excursion) 

F Ε D C Β A 

F To 1 :00 2 : 3 0 4 : 0 0 6 : 3 0 1 2 : 0 0 2 4 : 0 0 

Ε 1 :30 3 : 0 0 5 : 3 0 1 0 : 0 0 2 4 : 0 0 

D 2 : 0 0 4 : 0 0 8 : 0 0 2 4 : 0 0 

C 2 : 3 0 6 : 3 0 2 4 : 0 0 

Β 4 : 0 0 2 4 : 0 0 

A 2 4 : 0 0 

consistently 10 ft greater than that on the left. It represents the tissue gas increase in an ex­
cursion from a saturation situation where the O2 window is 0.3 atm abs. 

The zero slope of the Μ value line for the 200-min half-time tissue means that if a 150-ft 
excursion for 60 min can be made safely from a 350-ft saturation depth, it can be made equally 
as weU from any deeper saturation depth. How much shallower it can safely be made will 
depend upon other hmiting considerations. The bar diagram on the right in Fig. 3 represents 
the inert gas tensions in the nine representative half-time tissues at the end of this excursion. 
The 5- and 10-min tissues have equihbrated at 147 ft. The 20-min tissue has increased 128 ft 
and the 40-min tissue has increased 96 ft. Both these latter increases intersect with their re­
spective Μ value line at about 290 ft. Thus if a diver were saturated at 290 ft and made this 
excursion, he would be just at the hmit (by criteria for the 20- and 40-min half-saturation-time 
tissues) for a safe return to 290 ft. If he made it from a saturation depth of 300 ft, he should 
be safe. If he attempted it from a saturation depth of 280 ft, he would run the risk of decom­
pression sickness on his return to that depth. Our initial tests of this table have therefore been 
staged from a saturation depth of 350 ft. 

A similar analysis of the 125/75 and the 100/100 excursions of Table I-B show a low hmit 
at increasingly shallow saturation depths. On the left side of Fig. 3 is another bar diagram for 
the tissue inert gas tension increases during a 100 ft/60 min excursion. The increases of 85 ft 
in the 20-min tissue tension and of 63 ft in the 40-min tissue tension permit this only as an 
excursion from saturation depths of 140 ft or deeper. A proposed table for this shaUower satura­
tion depth range (200-350 ft) is shown as Table I-A. 

Table I-B has recently been evaluated at the U.S. Navy Experimental Diving Unit in a 10-
week test program of saturation dives to 350 ft. Five 12-day dive cycles included 1 day for 
compression and equilibration, 6 days for excursion dive testing, and 5 days for decompres-
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FIG. 3 . Minimum saturation depths for no-decompression return following excursions 1 0 0 ft deeper for 6 0 
min and 1 5 0 ft deeper for 6 0 min. 

sion. Compression to saturation depth was staged at a rate of 40 ft/hr (8 hr 17 min total). 
Decompression was linear at 15 min/ft, but included four 4-hr stages of no pressure change 
added at 250, 150, 100, and 50 ft. Descent in the excursion dives was no faster than 60 ft/min. 
Bottom time was measured from the time of leaving saturation depth to the instant of leaving 
excursion depth in ascent. Ascent back to 350 ft was at a rate of 60 ft/min. 

Two pairs of diver subjects made the saturation dive together but ran two separate ex­
cursion dive test patterns throughout the 6 days of testing. Each pair acted as habitat tenders 
while the other pair dived, and dives and surface intervals of the two pairs were alternated. 
A 12-hr overnight surface (and observation) interval was provided in both test patterns on 
each of the 6 days, and this also included an 8-hr night rest period. The schedule called for 
three excursion dives per day for each pair of divers. Decompression from the 350-ft satura­
tion dive was not started until 12 hr after completion of the last excursion dive. 

AU the dive schedules used were subjected to computer analysis and proofing for decompres­
sion adequacy and safety prior to actual human testing. This analysis was carried out with a 
digital computer program which is a combined project of the Naval Ship Research and De­
velopment Center (formerly David Taylor Model Basin) and the Naval Medical Research In­
stitute. 

In the last three dive cycles (involving a total of 6 weeks of saturation diving) it was possi­
ble to test 208 excursion dives as shown in Table III. Each number in the table represents the 
total man-dives tested at each excursion depth with a repetitive group designation for the 
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diver (at the beginning of the excursion) as given in the column heading. The bottom time for 
each dive listed was the maximum time for a no-decompression excursion for the combinations 
presented. The 0 column includes the first 12 man-dives made on the first morning of each 
saturation cycle. The 60 dives under column A are the first dives of each of the other 5 morn­
ings, when the 12-hr overnight surface interval has brought the diver back to Group A of the 
Repetitive Diving Tables. Note that the significant surface interval for repetitive diving with 
Table II extends to 24 hr, whereas that for the other standard Navy tables (5, 7) extends only 
to 12 hr. The remaining dives hsted in Table III include variations of prior surface interval, 
excursion depth, and bottom time tested in subsequent dives each day. 

It was hoped to obtain 8 to 12 test dives of each practicable combination in Table III as an 
adequate test of the decompression possibilities of Table I-B. The 25-ft excursion dives, the 
longer 50-ft dives, and the dives to 125 and 150 ft for less than 20-min bottom time (125E, 
150D, and 150E) were excluded from testing. Generally the test schedule met this criterion 
with the exception of 150B. No signs or complaints of decompression sickness were recorded 
in any of the dive cycles at the Experimental Diving Unit during the 6 days of excursion dive 
testing, during the 12-hr observation period after each day of testing, or during the first 200 
ft of saturation decompression (approximately 2 days). It is felt that this constitutes an ac­
ceptable test of Table I-B for excursion diving from saturation dives at 350 ft. 

Theoretically the same table should serve equally well for excursions from greater satura­
tion depths, but it is intended to run a deeper series of test dive cycles to demonstrate this. 
However, the task of validating a table for use with shallower saturation dives is a more at­
tractive, difliicult, challenging, and potentially more informative one. The next series of such 
test dives at the Experimental Diving Unit will demonstrate the adequacy of Table I-A in 
excursions from saturation dives at 200 ft. 

Excursion diving permits a fuller utilization of the saturation diving potential. Operations 
will be made more flexible for those diving jobs spread over an area where water depth is vari­
able. It is a matter of considerable interest that there are marked terraces on the Cobb Sea-
mount off Seattle, Washington, at depths of 300, 450, and 600 ft. This is a common finding 
in oceanic geology. The exploration and exploitation of these important ocean structures by 
saturation divers will be enhanced through the use of excursion dive tables. 

The present DSSP program is concerned with He-02 excursions from He -02 saturation dives. 
The Tektite operation points up a future requirement for the development of tables for He-
0 2 excursions from shallow N2-O2 saturation dives and from deeper N2-He-02 saturation 
dives. The experience gained in such projects must surely increase our understanding of the 
mechanisms by which the human body deals with inert gases under pressure. 

It must be remembered also that a very slight change in the slope of the line of Μ values 
for the 200-min half-time tissues will permit no-decompression excursions on the order of 150 
ft for 2 hr and 200 ft for 1 hr out of a saturation dive at 1000 ft. It is becoming evident that 
other physiological considerations will limit saturation exposures to lesser depths than those 
attainable for short bottom stays. Development of saturation-excursion tables for those ex­
treme pressures will be necessary to permit man to work at the maximum possible depth. 

A C K N O W L E D G M E N T S 

No new concepts have been put forward in this paper. The excursion tables are a straight­
forward development from basic principles outlined by Workman in 1965 (6). Sincere ap-
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0 A Β C D Ε 

PLUS 50 FEET 4 10 
75 2 14 8 16 8 12 

100 6 18 8 12 8 12 
125 0 16 8 10 8 — 
150 4 12 4 8 — — 
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T A B L E III 

NUMBER OF M A N - D I V E TESTS OF M A X I M U M BOTTOM T I M E PERMITTED FOR LISTED COMBINATIONS 

OF EXCURSION DEPTH AND REPETITIVE GROUP DESIGNATION IN NO-DECOMPRESSION EXCURSIONS 

FROM SATURATION DIVES AT 350 FEET. 



S A T U R A T I O N - E X C U R S I O N D I V I N G : O P E R A T I O N L U D I O N I I 

R. W. Hamilton^ Jr.^ and X. R. Fructus 

In the normal course of conducting underwater operations at depths greater than about 10 
m, the overwhelming limitation is the time required for decompression. As requirements occur 
for work at greater and greater depths, this problem assumes greater significance. While an 
hour of work at a depth of 30 m requires only about 38 min of decompression, the same period 
spent at 100 m requires several hours. 

Saturation diving permits underwater crews to work for extended periods of time, alter­
nating work and rest for several days or longer, and to pay the decompression penalty only 
once at the end of the period. Divers may be housed in an undersea habitat as in the initial 
experiences (1, 7), but such saturation-diving work is now generally done by the ^'commuter" 
technique whereby workers are housed in a deck chamber and shuttled back and forth to the 
work site without change in pressure. 

Saturation-excursion diving is a combination of the two techniques, in that daily compres­
sions to and decompressions from the work site are used, but the crew is housed at an inter­
mediate undersea pressure between work periods. This method has the advantages that the 
habitat is at a more accessible pressure, simplifying the logistics, and that the divers can make 
substantially greater descent forays without comphcating the decompression. Additionally, 
the final phase of decompression from saturation may be appreciably reduced. 

Ludion II was a laboratory experiment designed to assess how well divers could tolerate the 
pressure and work of a 6-day work week using the saturation-excursion technique (2, 4). The 
name ''Ludion'' is the French word for the familiar Cartesian diver. The experiment was con­
ducted in the pressure chamber complex located at the Comex facility in Marseille, as a joint 
venture between COMEX and Ocean Systems, Inc. 

The working depth (D-2) was arbitrarily chosen as 400 feet of seawater, equivalent to 13.1 
atmospheres or 122 meters depth. The plan called for two daily 2-hr work periods at this depth. 
The holding depth, designated D-1, was chosen so that stage decompression from each work 
excursion would not exceed two hours. This depth, 85 m, equivalent to 9.5 atm abs pressure, 
was computed using Ocean Systems' current decompression model and conservative ascent-
limiting values of inert gas tensions. Details of the decompression calculation method have 
been reported elsewhere (8). 

Two experienced divers, CW, age 38, and JD, age 30, served as subjects. The habitat con-
537 
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FIG. 1. Dive profile of Operation Ludion I I . 

sisted of a cylindrical chamber 2 m in diameter and 4 m long, equipped with a bunk and a 
hammock and with an external CO2 scrubbing system. It was attached to a '^wet pot,'' a 
vertically oriented cylinder 2.7 m in diameter and 4 m tall, half full of water over which was 
located a working platform. Extra locks were available for entry into either of these chambers 
from outside. 

This experiment was basically an environmental exposure and observation of the response 
of man to the exposure. Accordingly, both the time course and the parameters of the environ­
ment are important to the interpretation of the results. Figure 1 shows a calendar of the experi­
ment. The gaseous environment of the habitat was maintained at 2.6% oxygen with 15% 
nitrogen and the balance helium. During the five days just preceding the dive, the subjects 
lived in the habitat at sea level pressure and performed their daily work routines just as they 
would during the compressed phase. The pressure profile shows a practice dive performed on 
12 November to test the operation of the complete system. The work routines were omitted 
on the second day because of problems with the CO2 removal system, and an extra day was 
added on at the end. 

The environment at the deeper, working pressure was shghtly different from that of the 
habitat. A rubber membrane was used to separate the gaseous environments of the two cham­
bers, and the divers chmbed through a sht to go to and from 'Hhe work site.'' The work cham­
ber was maintained at about 1.0 to 1.2 atm of oxygen partial pressure, and this was the atmos­
phere breathed by the divers when resting out of the water. The divers alternated as working 
divers; only one worked during each excursion while the other served as tender and adminis­
tered tests. During periods of actual work and performance testing, the working diver wore a 
semiclosed breathing apparatus, the Mixgers unit, developed by the French Navy and mar­
keted by the Fenzy Society of Paris. Both divers wore neoprene wet suits. 

Certain items in the daily routine were firmly fixed. Work periods began at eight each morn­
ing and evening, and ended with the beginning of a 2-hr decompression. The remainder of the 
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day was devoted to general functions such as eating, sleeping, relaxing, personal hygiene, and 
medical monitoring. 

During each excursion to D-2 the working diver performed several periods of work on a 
makeshift exercise device consisting of a 27-kg weight and an arrangement of pulleys. Work 
levels were set by timing the pulls to either 80 or 160 kg-M/min; this was continuous over 
periods nominally 20 minutes in length. On each excursion the subject diver was monitored 
for 20 min of rest, 20 min of work and over a half-hour recovery period. After rest the exercise 
period was repeated once or twice without monitoring. Monitoring consisted of ECG record­
ing, the obtaining of Haldane-type end-expiratory alveolar gas samples, and estimation of 
ventilation and oxygen consumption. During exercise the of the Mixgers breathing system, 
which was supphed with 10% 02 -90% He, was between 0.35 and 1.0 atm. 

Carbon dioxide was determined with an infrared analyzer on samples passed out through a 
small lock in 50-ml nylon syringes. End-expiratory Pco2 values taken from the breathing ap­
paratus were close to the anticipated range most of the time (typically 36 to 48 mmHg), but 
on several occasions toward the end of a 20-min exercise period rose to a PACO2 great as 60 
to 80 mmHg. These high values were not seen during control experiments at sea level. Syringes 
left to stand and analyzed repeatedly showed no appreciable change even after 1 hr, and the 
delay was never that long in handling the samples. This indicated that there was probably no 
effect from differential diffusion. There was no indication of subjective stress to correlate 
with the high values. The Mixgers is a partial recirculating breathing system in which the 
diver breathes in and out of a 5-liter bag, while a smaller bag which moves with it is filled on 
expiration and then exhausts into the surrounding medium each time the diver inspires. As 
the volume of the large bag is reduced, extra mixed gas is added from the supply. Expired 
gas is passed through a Baralyme canister on the way to the large bag. On some occasions wet 
Baralyme was known to be responsible for an elevated CO2, but this was not a satisfactory 
explanation for all high values. 

Polarographic measurements of oxygen tensions supplied to the Mixgers and exhausted 
from it and pressure drop in the supply cylinder were used to calculate oxygen consumption 
values. These values, though perhaps low, were unremarkable and correlated fairly well with 
the level of exercise. Respiratory minute volume was estimated by multiplying the volume 
of gas supplied to the system by the ratio of the volume of the two bags. Using the value of 
11:1 supphed with the unit, values were found which seemed to be about twice as large as 
expected for the exercise levels. The cause of this discrepancy was not discovered. Nevertheless, 
for a given level of oxygen consumption, the pulmonary ventilation was somewhat lower in 
measurements made at 13 atm than in control measurements made at sea level. This is in 
agreement with measurements made earlier at 20 atm (3, 5), and is consistent with increased 
breathing resistance. 

Another phenomenon noted in the earlier exposure to 20 atm was bradycardia during rest 
and a relative bradycardia during exercise. Both subjects in the present experiment had signifi­
cantly lower average heart rates during exercise at 13 atm than they did during approximately 
the same exercise at sea level. However, pulse rate was not significantly different during the 
recovery or rest periods at pressure and sea level. Since during ''rest'' the Ludion divers were 
often busy adjusting equipment and were not recumbent, subtle differences were impossible 
to detect. Possibly because a reproducible resting state did not exist in the Ludion exposure, 
no diurnal changes were evident, whereas these were observed in the earlier study. 
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T A B L E I 

BLOOD BIOCHEMISTRY 

NPN 
Total 

protein 
Uric 
acid 

Total 
lipids 

Red blood White 
cells blood cells Hematocrit 

Date Depth (g/liter) (g/liter) (mg/liter) (g/liter) (10Vmm3) (lOVmm^) (%) 
Normal values (m) 0.28-0.40 62-85 20-69 3.5-8 4.5-6.5 4-11 40-54 

Diver C W 
8 Nov 67 0 0.35 72 56 8.9 4 .51 6.1 46 

11 Nov 67 0 0.36 70 60 
14 Nov 67 

Pre-dive 0 0.35 67 57 
+ 2 0 min 0 0.40 70 4 .67 7.2 46 
+ 2 hr 0 0.20 73.5 4 .78 5.3 48 

17 Nov 67 85 0.38 73.5 4 .46 6.7 45 
20 Nov 67 

Pre-dive 85 4 .51 8.1 46 
+ 2 0 min 97 0.35 85 4 .5 7 .8 46 
+ 2 hr 85 0.33 81 4 .46 7 .7 45 

21 Nov 67 
Pre-dive 85 0.40 70 4 .37 8 .2 44 
+ 2 0 min 97 0.40 70 
+ 2 hr 85 0.38 70 4 .47 8 .7 44 

27 Nov 67 0 0.30 87.5 55 5.8 3 .96 5 .7 41 
1 Dec 67 0 0.30 79 49 5 .5 4 .1 8 .2 44 

Diver JD 
8 Nov 67 0 0.45 72 65 6.1 4 .37 8 45 

11 Nov 67 0 0.30 75 50 
14 Nov 67 

Pre-dive 0 0.30 70 62 4 .56 7.3 46 
+ 2 0 min 0 0.20 70 4 .54 8 .7 45 
+ 2 hr 0 0.18 78 4 .65 8.1 47 

17 Nov 67 85 0.36 84 4 .79 7.3 48 
21 Nov 67 

Pre-dive 85 0.35 77 4 .67 7.8 45 
+ 2 0 min 97 0.34 82 4 .54 7.9 45 
+ 2 hr 85 0.35 82 4 .59 8.2 45 

27 Nov 67 0 0.35 84 57 5 3 .97 5 .5 40 
1 Dec 67 0 0.45 85.5 55 4 .5 3 .96 10 42 

It was intended to learn whether the work at 13 atm would impose enough additional 
physical stress over similar work done at sea level to produce a difference in blood lactic acid. 
On two occasions (3 for C W ) blood samples were taken just before the excursion, during the 
first decompression stop after work, and at the end of decompression to D-1 2 hr later. In 
addition, blood samples were taken on numerous other occasions throughout the experiment. 
The results of analyses made on these blood samples are shown in Tables I and II. In no case 
was there a change that could be related to the extra pressure, although the effect of exercise 
was reflected in several parameters. It should be emphasized that the work load was light and 
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T A B L E I I 

BLOOD BIOCHEMISTRY 

Date Depth 

Chlorine 
(mEq/ 
liter) 

Sodium 
(mEq/ 
liter) 

Potas­
sium 

(mEq/ 
liter) 

Magne­
sium 

(mg/liter) Glucose 
(g/liter) 

Lactic 
acid 

(mg/lOO 
ml) 

Pyruvic 
acid 

(mg/100 
ml) 

Normal values (m) 95-110 135-155 3.6-5.5 1.5-2.5 0.90-1.20 5-15 0.4-1 

Diver CW 
8 Nov 67 0 107 144 4 .8 2 .4 0 .78 

11 Nov 67 0 0 .80 
14 Nov 67 

Pre-dive 0 98 142 5 .5 2 .6 0 .92 7.5 0.68 
+ 2 0 min 0 4.9 2 .5 1 .04 12 1.44 
-h 2 hr 0 5.1 2 .5 0 .90 17 1.16 

17 Nov 67 85 4 .8 2 .4 0 .80 
20 Nov 67 

Pre-dive 85 0 .80 7.1 0.68 
+ 2 0 min 97 4 .5 2 .4 0 .82 21.3 1.37 
+ 2 hr 85 5.9 2.6 0 .82 14.2 0.61 

21 Nov 67 
Pre-dive 85 5.2 2 .6 0 .92 
+ 2 0 min 97 4.9 2 .6 0 .76 10.6 1.16 
+ 2 hr 85 5 .5 2 .6 0, .72 17.8 1.03 

27 Nov 67 0 105.7 145 5.9 2.1 1 
1 Dec 67 0 104 141 5.1 2 .4 0 .92 

Diver JD 
8 Nov 67 0 113 143 4.9 2 .5 0 .80 

11 Nov 67 0 0, ,92 
14 Nov 67 

Pre-dive 0 102 143 5.2 2 .5 0, .96 5.7 0.68 
+ 2 0 min 0 5 2 .4 0, ,84 10.5 0.68 
+ 2 hr 0 4 .9 2 .4 1. 16 18.9 1.03 

17 Nov 67 85 5.1 2 .5 0. ,94 
21 Nov 67 

Pre-dive 85 5.9 2 .6 1 8.3 0.84 
+ 2 0 min 97 5.6 2 .3 1. 04 11.9 0.75 
+ 2 hr 85 6.4 2 .0 0. 60 16.5 

27 Nov 67 0 110 140 5.8 2 .0 0. 96 
1 Dec 67 0 107 142 5.1 2 .3 0. 96 

there was an extended period of time for rest between the exercise periods. The work tasks 
and the entire exposure were well tolerated. 

Four simple tests were used for assessing the effect of both pressure and work under water 
on human performance. These included: 

Reaction Time: Time to make a Yes or No response to about 40 auditory and visual signals 
was measured each evening. Average time for response showed continual improvement through­
out the experiment for one subject, and the other subject reached a plateau on the third 
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predive day and stayed level after that, with only a slight increase toward the end of the 
experiment. Errors were few, and the error rate did not change with time. On two occasions 
the test was given before and after a work session, and showed no difference as a result of the 
work. This test was performed with the diver out of the water, breathing the chamber 
atmosphere. 

Washer Threading: This was a simple manual dexterity test which was given several times, 
just before and immediately after a 20-minute session of light work. The results showed no 
important changes from day to day, at sea level or at pressure. The usual result was that the 
time required to thread the washers was less in the test given immediately after work, except 
for one occasion (19 Nov) when the water was colder than usual. The test was given with the 
diver fully suited and under water. 

Weight Estimation: This test and the following one are based on the observation in earlier 
laboratory dives (unpublished) that just after rapid compression to pressures of 15 or 20 atm 
a diver has an uncertain feeling about his muscular strength. Some divers feel stronger than 
usual, others seem to overexert themselves rather easily, as if they are not aware of how much 
work they are doing. In this test the subject was asked to guess, under water, the weight of a 
container weighing between 5 and 12 kg. The equipment was arranged according to a predeter­
mined schedule, and the test was presented by the other diver. After each guess the correct 
answer was given. This test was performed several times, before and after work sessions at 
both sea level and D-2. The results are shown in Fig. 2. No prominent differences occurred 
either as a result of work or pressure; the accuracy of the guesses at 13 atm is a bit better, in 
that proportionately more answers are correct, but this might be as a result of slightly more 
experience. 
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FIG. 2 . Weight estimation test for Operation Ludion I I , at sea level and at 1 3 atm. 
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FIG. 3 . Tension estimation test for Operation Ludion II, at sea level and at 1 3 atm. 

Tension Test: For this test a spring balance was attached to the chamber wall, and the 
diver was asked to exert several specific tensions without looking at the scale. The results, 
shown in Fig. 3, indicate that at sea level following work there was a slight tendency to under­
estimate tension. This does not seem to be true at increased ambient pressures. 

Both the weight estimation and the tension tests have the advantage that they are more or 
less free of the influence of motivation. Accuracy might suffer if the subject becomes bored, 
but it would be difiicult for him to improve his score by trying harder. These tests support 
the notion that the conditions of this dive, with its particular pressures, gas mixtures, tem­
peratures, and work levels, did not cause important performance decrements. 

Electroencephalograms were recorded during sleep throughout the night, one time before 
the dive, once during the dive, and once during decompression, on each diver. Results, which 
have been reported elsewhere (9), show that sleep was not as sound in these divers during the 
pressure phase of the experiment as it was before the dive and during decompression. One diver 
(JD) showed a shght reduction and the other a substantial reduction in the relative amounts 
of deep sleep (Stages III and IV); there were no appreciable changes in the REM phase. 

Throughout the study, including the predive and decompression periods, extensive medical, 
biochemical, and Spirometrie monitoring was carried out. In many of these parameters there 
were small changes associated with the exercise performed by the divers or with the stressful 
regime in general. In no case, however, were there important deleterious effects which could 
be attributed to the effects of pressure itself or to the special situation of performing physical 
work while at pressure. The divers consumed 3,500 to 4,000 calories per day and 1.5 to 2 hters 
of fluid. Each had a slight weight loss toward the end of the dive during decompression. Daily 
urine volumes showed normal fluctuations. 
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During and immediately after the 15-min initial compression, both divers experienced the 
familiar arthralgic condition in which joints of the body ache and feel as if they lack sufficient 
lubricant. There were no decompression problems at all, either during the twice daily returns 
to D-1 or during the final return to 1 atm. In all, the experience was well tolerated. 

The work schedule was arbitrarily selected early in the planning stage of the experiment 
and the decompression and other routines were designed to conform to the work schedule 
plan. Considering both the divers and the support crew, a schedule exactly like the one used 
should be avoided in the future, even at the expense of a prolonged decompression time. The 
concept of two working excursions per day was good. However, spacing them at extreme ends 
of the day was not, since neither crew had time for a good night's sleep. 

That the Ludion concept is a good one was further established by two occurrences that have 
taken place since the completion of the experiment. Operation " Contre-Ludion" (2) involved 
a work schedule such as the one here described but with total decompression to the surface 
each time, and it was clearly shown that such a procedure was not physiologicahy tolerable. 
"Operation Janus" (6) showed that a regime of saturation-excursion diving such as Ludion II 
could be put to work successfully at sea. 
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O F 36.5 A T M I N H E L I U M - O X Y G E N A T M 

X. R. Fructus, R. W. Brauer, and R. Naquet 

During the first months of 1968, a series of simulated dives were conducted collaboratively 
in the hyperbaric complex of the Compagnie Maritime d'Expertises, Marseilles, France, 
partly to develop decompression schedules for proposed deep dives, and partly to determine 
whether the particular compression rates employed would produce physiological effects in man 
which could be related to events observed in other primates and rodents at the Wrightsville 
Marine Bio-Medical Laboratory in Wilmington, North Carolina. A total of seven dives using 
two subjects for each dive constituted this series. Four of these dives went to depths equivalent 
to or exceeding 1100 ft of seawater. The maximum depth, attained on June 27, 1968, was 
1190 ft. Eight individual subjects participated in these experiments, and two of these were 
each involved in three dives exceeding 1100 ft. 

Figure 1 shows the profile of three of the deepest dives. Sojourn at pressures in excess of 
990 ft of seawater ranged from 24 to 111 min. Sojourns at the maximum pressures attained 
were relatively short and can be seen in Fig. 1. Table I shows other characteristics of these 
dives, including the fact that pressurization rates were such that maximum depths were 
attained in each of the deep dives within a little over two hours. The table also shows the total 
time employed during decompression in each of the dives. The gas mixtures used were moni­
tored continuously. 

Of the three deep dives the last one, Physalie III, is the one most completely documented 
and will serve as the major basis for this presentation. The oxygen partial pressure (P02) was 
allowed to rise initially from 0.2 atm at the surface to between 0.58 and 0.62 atm and held 
there from the time that a total pressure of 20 atm had been reached until the early phase of 
decompression had been completed. Through use of an internal carbon dioxide absorption 
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system, the Pco2 of respired gas was kept at 0.54 to 0.56 X 10"^ atm throughout the exposure 
period. Nitrogen partial pressures rose slightly from an initial 0.8 atm to 1.2 atm and were 
maintained at this pressure throughout the dive. Helium made up the balance of the chamber 
atmosphere. 

High temperatures of the chamber atmosphere had existed in the earlier dives; in Physalie 
ΠΙ, temperature was monitored in the immediate vicinity of the divers and controlled so that 
subjectively comfortable temperatures were maintained throughout. Chamber temperature 
rose from 28°C at the outset to a maximum of 35°C, reached at chamber pressure of 22 atm. 
From that stage in the exposure it decreased to between 30° and 32°C and was maintained in 
that range throughout the rest of the deep portion of the dive. 

During the first two pressure exposures in the series, the divers had also experienced some 
inconvenience due to high noise levels and had suffered some evidence of vestibular disturbances 
during decompression at pressures between 10 to 18 atm. The noise problem was relieved in 
Physalie III by the use of appropriate ear muffs. Compression rate was decreased greatly as 
maximum pressure was approached, so that effects of noise, high-temperature and pressure 
fluctuations as such became minimal. In Physalie III, none of these influences was significant 
and the divers felt comfortable even when 30 atm had been reached. 

Physiological effects noted in the three deep dives which involved the same two subjects 
were entirely comparable and paralleled observations made with other subjects to the limit 
of depth attained by each. ^Oelium tremors" were noted in each subject each time he was 
exposed, the onset pressure ranging from 22 to 28 atm. The effect increased in severity as 
pressure was increased, even though compression rates were progressively decreased. There 

1 4 0 0 

1 2 0 0 

1 0 0 0 

8 0 0 

Q-

6 0 0 

4 0 0 

2 0 0 

Ί 1 \ Γ 
Ί \ \ Γ 

P H Y S A L I E I o 

P H Y S A L I E Π Δ 

P H Y S A L I E m A 

J I I L 
3 0 6 0 9 0 1 2 0 1 5 0 1 8 0 2 1 0 2 4 0 2 7 0 3 0 0 

T I M E , m i n 

FIG. 1. Time course of compression and early phases of decompression in the three experiments of the Physalie 

series. 
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was some suggestion that tremors might have been most severe in experiment PhysaUe II in 
which the divers spent a large part of the compression respiring a pure helium-oxygen atmos­
phere from masks. The divers all agree that such tremors as they experienced tended to 
disappear rapidly with the beginning of decompression. Psychomotor tests, in particular dotting 
of circles of decreasing diameter, showed little change, but handwriting revealed the tremor. 
The syndrome is characterized by some degree of ratchet movements during flexion, and by 
the association of marked tremors especially with unconscious, rather than with intentional, 
movements. 

EEG changes began to appear at pressures close to 30 atm, the threshold being consistently 
lower for one subject (RV) than for the second one (RB) in the three exposures to maximum 
pressure performed by each (Fig. 2). The EEG changes are characterized by the appearance 
of slow waves in the theta range, with a frequency approximately 5 to 6 cps. These increasingly 
displaced the alpha waves in the EEG pattern of the resting subject. Such signs increased in 
severity as the pressure was increased, and above about 33 atm were associated with behavioral 
effects including intermittent bouts of somnolence occupying an increasing portion of the time, 
associated with intermittent state 1, later state 2 sleep patterns in the EEG. Once again, 
these changes were noted sooner and more severely in RV than in RB. Associated with this 
was some loss of vigilance. During Physalie III, RB performed two hyperventilation tests of 
60 seconds each. The first at 25 atm, before the onset of EEG signs in this subject, failed to 
produce any alteration in EEG or in behavior. The second, at 33 atm, produced no overt 
deterioration of the EEG. It was noted, however, that shortly afterwards there was evidence 
of confusion in this subject. Both subjects could be easily aroused from their intermittent 
bouts of somnolence, even at maximum depth. EEG changes persisted during decompression 
for approximately 10 hr in the one subject monitored during Physalie II, and for more than 
12 hr in both subjects during Physalie III. These early phases of decompression were associated 
subjectively with fatigue and a degree of depression. 

Among other parameters studied, heart rate did not change markedly, ranging between 
55 and 65 beats/min in both subjects throughout the period of compression from 25 to 35 atm 
in Physalie III. Respiratory frequency did not change to an important degree in subject RV, 
while in RB there was a persistent, though slight, increase in respiratory rate after the second 
period of hyperventilation at 33 atm. Among psychomotor tests employed, an index of complex 
reaction time revealed no change in either subject until a pressure of 33 atm was reached, but 

TABLE I 

SIMULATED D I V E S ASSOCIATED WITH SERIES PHYSALIE, 1 9 6 8 

Dive PLC I PLC II PLC III Phys. I Phys. II Phys. I l l Phys. IV 
Date 2 / 2 4 / 6 8 5 / 2 / 6 8 5 / 1 4 / 6 8 5 / 2 1 / 6 8 6 / 1 1 / 6 8 6 / 2 7 / 6 8 9 / 2 4 / 6 8 

Subjects RV/AJ J D / H R PF/AJ R B / H D H V / R B R B / H V JD/FF 
Depth (feet seawater) 1 1 0 0 9 0 0 9 9 0 1 1 0 0 1 1 8 0 1 2 0 0 9 9 0 
Time to beginning of decom- 1 3 3 1 1 0 8 5 1 2 3 1 2 0 1 2 7 1 9 0 

pression (minutes) 
Time spent beyond 9 9 0 ft 4 1 0 2 0 2 4 7 7 1 1 1 1 0 

(minutes) 
Duration of decompression 9 4 " 97^^ 9 0 « 97^3 IW^ 138^4 1 0 6 « 

(hours) 
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FIG. 2 . Electroencephalographical tracings from Physalie III experiments showing a development of the 
patterns in two subjects at surface, at 3 0 . 0 atm, and at 3 6 . 5 atm. The tracings for subject RB at the surface 
show a basic alpha rhythm, 9 - 1 0 cps, of moderate amphtude, eh cited in brief bursts when the eyes are closed 
( C ) . A few instances of beta frequencies are noted in the Rolandic areas. At 3 0 . 0 atm, alpha activity is more 
continuous, of greater amplitude, and interrupted by rare sporadic theta waves. The Rolandic beta frequencies 
persist. At 3 6 . 5 atm, the alpha activity is interrupted by theta activity, 5 cps in the temporo-occipital region. 
The anterior leads show independently bursts of 5 to 6 cps. The subject at this point, and during these periods, 
shows evidence of somnolence. The tracings for subject RV at the surface show activity at 1 0 to 1 1 cps, in 
prolonged bursts which come on when the eyes are closed ( C ) . At 3 0 . 0 atm, alpha activity persists at the be­
ginning, but subsequently decreases in intensity. Bursts of 6 cps waves in the frontal region and independent 
others of the same frequency in the temporo-occipital region become increasingly evident. This period corre­
sponds to a decreasing level of vigilance. At 3 6 . 5 atm (and indeed from 3 3 . 5 atm on) the tracings are dominated 
by 5 to 6 cps activity which comes on in generalized bursts over the entire hemisphere, but which may now and 
again predominate independently in either the anterior or the temporo-occipital region. The subject shows evi­
dence of somnolence. It is to be noted that while vigilance of RB persists undiminished at 3 0 . 0 atm, that of 
RV begins to decrease. At 3 6 . 5 atm, the two subjects at rest show markedly decreased vigilance. Arousing 
the subjects, as by asking them to perform a set task, reverses these changes, but as soon as the subjects are 
allowed to rest, the tracings revert to the patterns shown above. At the high pressures between 3 4 . 0 and 3 6 . 5 
atm, the slow wave patterns fail to disappear upon opening the eyes, and even on arousal of the subject. In 
none of the tracings obtained in the three dives of this series have any clearly identifiable paroxysmal changes 
been observed in either one of the two divers. 

increased by approximately 15% between 33 and 36 atm. This effect persisted during the early 
phases of decompression, and then disappeared. 

This series of exposures to high ambient pressures breathing helium and oxygen indicates 
that both peripheral and CNS effects were associated with the particular compression schedule 
employed. Helium tremors appear to be highly susceptible to compression rate, as revealed by 
the observation that the two subjects who were compressed more slowly to 30 atm in Physalie 
IV failed to show observable helium tremors at depths where during the more rapid earlier 
dives of the series, one of the two subjects of this dive, as well as all other subjects, had re­
vealed helium tremors. The EEG changes and the changes in wakefulness and alertness of the 
subjects likewise are consistent with a CNS effect. They have been shown to be reproducible 
in the same subject under similar compression conditions; they occur at an oxygen partial 
pressure between 0.5 and 0.6 atm and are not associated with any evidence of respiratory 
distress. They persist for some time after decompression has been initiated. 

The etiology of this syndrome in man and its relation to the *'high pressure hyperexcitabihty 
syndrome^' (HPHS) observed in other primates remains to be determined. As pointed out 
in the chapter by Brauer et al,, page 487, this volume, susceptibility to HPHS seems to increase 
markedly as one proceeds from lower species to those with more highly developed central 
nervous systems. With this trend in mind, it is worth noting that at compression rates com­
parable to the ones employed in these human studies, squirrel monkeys show helium tremors 
beginning at about 20 to 25 atm and EEG changes such as spiking at 45 to 50 atm, and subse­
quently develop frank electrical and motor convulsive seizures at pressures which for helium-
oxygen atmospheres average 62 atm. Considering the fact that the EEG effects in man were 
seen to begin near 30 atm and were fairly pronounced at 36.5 atm, it is possible that the two 
syndromes may be related and due to similar causes. 
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It is also to be noted that in the primates tested, slowing the compression rate produces a 
perceptible increase in the effective pressures required to produce tremor or convulsions. In 
the squirrel monkey at a compression rate of 5 atm per hour, convulsions occur at pressures 
15% to 20% higher than at a compression rate of 22.4 atm per hour. In the baboon compression 
rates of 2 atm per hour elicit convulsions at pressures between 70 and 80 atm. It seems reason­
able to infer that if the human syndrome does indeed bear a relation to the one observed in 
the several lower primates, compression rates very much below those employed in the Physalie 
series should allow placing human divers at pressures in excess of 45 atm before changes in 
CNS activity comparable to those reported above might be expected. 
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E X P O S U R E S T O A N I T R O G E N - O X Y G E N E N V I R O N M E N T A T 
I N C R E A S E D A M B I E N T P R E S S U R E * 

/. W. Miller and C. J. Lambertsen 

Project Tektitef is a composite program of saturation diving which attempts to blend the 
medical, psychological, general biological, engineering, and operational aspects of shallow 
manned undersea activity. While its applications are ultimately to marine sciences, the 
Tektite project had its origins in human bioscience. OiBce of Naval Research psychologists 
suggested to the National Aeronautics and Space Administration that undersea habitats 
could serve more realistically in study of behavioral influences of prolonged isolation and 
confinement than do sealed chambers in dry land laboratories. This suggestion was extended 
by physiologists of the University of Pennsylvania's Institute for Environmental Medicine, 
who recommended the use of saturation with nitrogen with natural oxygen partial pressure, 
at 4 atm abs (about 100 ft of sea water), to effect what they designated as physiological en­
trapment." It was considered that such exposure would provide for nearly normal vocal com­
munication, but would absolutely require such slow and programmed decompression that any 
subject who wished to leave the high pressure environment of the submerged compartment 
would not be able to do so at will (i.e., physiological entrapment). This restriction would 
serve the interests of both the space and undersea psychologists concerned with study of men 
in truly hazardous circumstances. 

The physiologists, in recommending saturation with nitrogen, had the ulterior motive of 
calling attention to the present need for detailed and extensive studies of nitrogen as a respira­
tory vehicle for oxygen in the important shallow and moderate diving depths which have been 
overstepped by recent attention to very deep helium diving. To provide a purposeful daily 

* Project Tektite represented the cooperative efforts of individuals from a number of organizations, with 
the largest contributions being made by the Office of Naval Research, which coordinated the overall operation, 
the National Aeronautics and Space Agency (which sponsored the behavioral studies), the Department of the 
Interior (which provided the marine scientist-subjects), the University of Pennsylvania (which coordinated 
the biomedical and safety program), and the General Electric Corporation (which designed and constructed 
the habitat). 

t The project title "Tektite" comes from the name for small particles of space-born matter which survive 
the fiery plunge through the earth's atmosphere and come to rest on the ocean floor. 
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C U P O L A 
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V I E W I N G P O R T 

P R E S S U R E H U L L 

S U P P O R T L E G S 

S U P P O R T B A S E 

FIG. 1. Side view of the four-man Tektite habitat. 

working basis for prolonged human residence in the open sea, marine scientists of the Depart­
ment of the Interior were invited to join the program, and the General Electric Corporation 
proposed and constructed a habitat specially designed for application of saturation diving 
to marine sciences activities. Primarily to facilitate study of reef life and structure, but also 
to provide for a stepwise approach to future, deeper exposures, the first of the Tektite series 
of open sea saturation dives was limited to slightly less than 50 feet of seawater. The duration 
was maintained extreme, at 60 days of submerged work and observation. 

The Habitat and Working Environment 

The undersea habitat was a four-compartment structure well-designed for living and as a 
true laboratory base for conduct of marine science activities at the undersea site. The com­
partments (Figs. 1 and 2) were arranged in two tiers with one lower compartment having 
direct, continually open access to the sea. Pressure within the entire gas-filled habitat complex 
was thus maintained equal to the hydrostatic pressure at the level of the water at this open 
entry-exit hatch. The compartment opening to the sea served versatile functions as a diving 
staging room and laboratory, as well as for logistics activities. An upper compartment con­
tained the mechanical support systems for ventilation, power, carbon dioxide removal, and 
the power and communications Unks to the dock and shore-based stations. One compartment 
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CREW 
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S . STORAGE 

FIG. 2. Overhead view of individual habitat compartments. 

served as a living area and the final compartment for specific physiological and marine sciences 
laboratory functions. 

The gas respired in the habitat was 90.2% nitrogen with 9.8% oxygen which, at the physio­
logical saturation depth of 38 ft of seawater, provided a nitrogen pressure equivalent to 48 ft 
breathing air. This depth was chosen to facilitate exploration of a particular reef structure at 
the selected site in Great Lameshur Bay, St. John island, in the Virgin Islands. The diver-
subjects were permitted to dive 60 ft below and to ascend 20 ft above this saturation depth 
throughout the 60 days of undersea exposure. 

The Scope of the Scientific Program and the Subject Group 

The overall scientific program was comprised of three principal parts including the biomedi­
cal, the behavioral, and the marine sciences studies. To serve as subjects and investigators, 
four marine scientists were selected. The marine sciences program, encompassing marine 
biology, geology, and aspects of oceanography, was designed and conducted by these in-
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dividuals at the same time that they served as subjects for the behavioral studies and for the 
biomedical studies which will be emphasized in this report. 

The Biomedical Program 

The original plan for detailed physiological study at 4 atm abs had emphasized the impor­
tance of appraising adaptations or deteriorations occurring over many days of sustained 
exposure to the combined stresses of nitrogen narcosis and the increased work of breathing 
the high density atmosphere. It was considered that even at a pressure of 4 atm abs, the 
maintenance of a natural oxygen pressure would completely eliminate the oxygen toxicity 
inevitable with breathing air itself. However, at 4 atm abs the composite of narcosis and 
limitation of pulmonary ventilation might produce hazardous reduction of intellectual per­
formance and limitation of exercise capability in open water work. 

At the shallower 38 foot depth selected for the open sea operations and the marine sciences 
program, it was considered 

1. Unlikely that inert gas narcosis would be detectable. Its measurement therefore was not 
attempted 

2. Unlikely that major circulatory derangements would result from either the increased 
nitrogen pressure or the increased ambient pressure. Therefore no major circulatory studies 
were included 

3. Likely that the primary physiological stress would be the increase in airway resistance 
and work of breathing due to the greater density of respired gas. Therefore respiratory control 
and pulmonary function were selected as the measures most likely to provide sensitive indices 
of such stresses upon the respiratory-pulmonary system 

4. Unlikely that changes would be induced in hematological or blood chemical character­
istics. Nevertheless, extensive study of the blood was planned 

R E S P I R A T O R Y - P U L M O N A R Y S T U D I E S 

Specific studies of respiratory function included those summarized in Table I. 

H E M A T O L O G I C A L S T U D I E S 

It has been known from studies conducted in support of the manned space flight program 
that sustained multiday exposure to small elevations of inspired P02 leads to decrease in circu­
lating red cell mass (4). By the intentional maintenance of a natural level of inspired P02, it 
was considered that all forms of oxygen toxicity could be obviated. Complete hematological 
studies were nevertheless carried out and are reported elsewhere (8). The influences of sus­
tained, high nitrogen pressure upon white blood cell formation are not at all well known and, 
even though nitrogen is usually considered a physiologicallyinert" gas, it is not biochemically 
inert. Since multiday exposure to increased tensions of nitrous oxide has produced suppres­
sion of white blood cell formation (7) , it was deemed essential to include measurement of white 
cell concentration in the subjects exposed to the extremely prolonged periods of increased 
tissue Ρ02· 

For purposes of general survey the same extensive measures of blood chemical composition 
were performed as are conducted on the U.S. manned space flight teams (4). 
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TABLE II 

CLINICAL STUDIES 

General medical examination — 
Audiometry — 
Vestibular function Caloric stimulation 
Dermatological examination Including corneocytes and quantitative microbiology 
Neurological examination Skull X-ray, electroencephalography 
Ophthalmological examination Slit-lamp examination, retinal photography, visual fields, angiog­

raphy, refraction 
Long bone radiography — 

M I C R O B I O L O G I C A L S T U D I E S 

In men living in a state of close proximity to each other and in relative isolation from sur­
face support groups, modification of individual flora might be expected over a 60-day period 
of undersea existence. In the repeated exposures to the wetness of a marine microbiological 
environment, the possibilities of exchange of flora between the sea and the habitat with its 
contents and occupants were also considered. Extensive and repeated direct cultures of the 
skin, throat, external auditory canal, nose, and rectum of each subject were paralleled by 
cultures from the gas and special internal surfaces of the habitat, as well as from the surround­
ing sea (8). 

C L I N I C A L S T U D I E S 

To assure the selection of an appropriate aquanaut group and to provide basehnes for sub­
sequent comparison with postexposure measurements, each subject was appraised in a series 
of detailed medical evaluations by clinical specialists with particular quahfications in environ­
mental medicine. These clinical evaluations, which are summarized in Table II, are recom­
mended for any group of aquanauts entering into a previously unexplored laboratory or open 
sea exposure. Of particular importance are the audiometric-vestibular function evaluations, 
the detailed ophthalmological examinations, and the dermatological survey. 

D E C O M P R E S S I O N S T U D I E S 

Saturation diving with nitrogen had previously been employed only to a depth of approxi­
mately 1.6 atm of N2 (33 feet of seawater) (2). To assure ability to decompress safely, even 
from the only slightly higher pressure of 1.9 atm of nitrogen in Tektite I, required practical 
chamber trials in man of procedures for decompression from the nitrogen-saturated state (8). 
Bends developed in the subjects in these trials until a decompression pattern slow enough to 
permit clearance of nitrogen from a 500-min half-time tissue was employed. Further studies 
indicated that subjects saturated with nitrogen at this pressure could be abruptly decompressed 
to one atmosphere, then would not develop bends within a period of minutes after surfacing 
(8). Demonstration of this safe surface interval provided the basis for using the surface de­
compression'' approach as the method for bends prevention in the event of accidental surfacing. 

The decompression sequence actually employed following the 60-day saturation used the 
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addition of repeated periods of oxygen breatliing to accelerate nitrogen elimination as the 
subjects neared the end of the approximately 20-hour decompression period. In spite of this 
prolonged decompression, one subject detected minor pain in a knee joint prior to the oxygen 
breathing phase of decompression. This pain disappeared spontaneously during the oxygen 
exposure. A lesion, presumed to be a small gas bubble, was found in the lens of his eye during 
postdecompression ophthalmoscopy about 12 hr after reaching the surface. This lesion entirely 
disappeared over the several days subsequent to decompression without recompression treat­
ment (8). 

The results of the entire multidisciphnary program, covering psychological, physiological, 
medical, microbiological, hematological, and marine studies, are gathered in a single, coordinated 
report (8). Individual aspects are also being reported in the general literature. For the special 
purposes of this symposium, the effects upon the subjects themselves can be summarized as 
follows. 

1. No effect of the 2-month exposure to the 1.9 atm of nitrogen with natural oxygen tension 
appeared to be of a type or degree that would hmit the ability of normal men to work for pro­
longed durations at the depth studied. 

2. The slight induced increase in pulmonary resistance led not to a progressive deteriora­
tion of pulmonary ventilatory capability, but to a detectable increase in the strength of the 
respiratory musculature (5). 

3. No suppression of white cell formation or other alteration of blood cellular or chemical 
characteristics was found. 

The studies and practical trials related to decompression indicate that even the 480- to 
500-min half-time postulated for rate of nitrogen exchange with the most slowly perfused 
body tissues (1, 8) may be too short for nonvascular tissues such as those of the eye (6). 

In prolonged submersion with repeated actual immersion, the function of the skin as a 
barrier between the tissues and the external environment is challenged by repeated wetting. 
In the Tektite program, free opportunity was provided for cleaning and drying the skin, 
with the result that postexposure dermatological appraisal revealed no abnormahties of the 
general integument. 

A special ^^dermatologic" problem related to the undersea exposure did occur. This was 
Pseudomonas infection of the skin lining the external auditory canal in both ears of all sub­
jects. After discovery and diagnosis the infection was completely overcome during the course 
of continued undersea exposure by drying the ears with alcohol acidified with boric acid and 
by instillation of coly-mycin S antibiotic drops. 

The 2-month exposure produced no evident influences upon the ability of the subject-diver-
investigators to perform their tasks. 

Plans for Extension 

Further studies of prolonged exposure to nitrogen-oxygen atmospheres will be carried out 
in laboratory chambers and then in the open sea. It is now planned to proceed with the orig­
inally planned exposures to nitrogen with natural oxygen pressures at an ambient pressure of 
4 atm. 



558 J. W. MILLER AND C. J. LAMBERTSEN 

REFERENCES 

1. Bühlmann, A. Α., Frei, P., and Keller, H. (1967) Saturation and desaturation with nitrogen and helium at 
4 atm. J. Appl. Physiol. 23, 458-462. 

2. Chouteau, J. (1969) Saturation diving: The Conshelf experiments. In 'The Physiology and Medicine of 
Diving and Compressed Air Work'' (P. B. Bennett and D. H. Elliott, eds.), pp. 491-504. Wilhams & 
Wilkins, Baltimore, Maryland. 

3. Dickson, J. G., Jr., Gelfand, R., and Lambertsen, C. J. Carbon dioxide sensitivity during prolonged expos­
ure to a nitrogen-oxygen environment at 2.15 atm (in preparation). 

4. Fischer, C. L., and Kimzey, S. L. Effects of oxygen on blood formation and destruction. This volume. 
5. Fisher, A. B., DuBois, A. B., Hyde, R. W., Knight, C. J., and Lambertsen, C. J. (1970). Effect of 2 months' 

undersea exposure to N2-O2 at 2.2 Ata on lung function. J. Appl. Physiol. 28, 70-74. 
6. Nichols, C. W., and Lambertsen, C. J. Bubble formation in the human eye following decompression from 

saturation diving (in preparation). 
7. Parbrook, G. D. (1967). Leucopenic effects of prolonged nitrous oxide treatment. Brit. J. Anaesth. 39, 

119-127. 
8. PauH, D. C , and Cole, H. A. (eds). Report on Project Tektite I. A multiagency 60-day saturated dive. 

Rep. No. D R 153, Office of Naval Res., Washington, D . C , 1971. 



A U T H O R I N D E X 

Numbers in parentheses are reference numbers and indicate that an author's work is referred to although 
his name is not cited in the text. 

Numbers in itahcs show the page on which the complete reference is listed. 

A Baltscheffsky, H., 20(1), 21(1), 22 
Bancroft, R. W., 124(1), 1S5 

Aarefjord, F., 427 (17), Bangham, A. D., 462(11), 463(2, 11), ^68 
Ackles, K. N., 458(6), 459(6), 460(6), 461(1, 5, 6), Barcroft, H., 406(2), Ifi7 

Adams, B. H., 13(11), 16 
Addae, S. K., 431(5), 4S2 
Adolfson, J., 293(1, 4), 299 449(1), m 
Aggazzotti, Α., 195, 197, 201(1), 204 
Aho, J., 278(48), 282, 285 
Albano, G., 193(3), 199, 200, 202(2, 3), 204, 471(1. 

2, 3, 4, 5), 472(5, 6), 474, 476(2, 4), 478 
Aleksandrov, A. I., 212(1), 218 
Alexander, J. K., 399(1), 407 
Alexander, R. McN., 24(1), 33 
Alfandre, Η. J., 278, 283 
Alinat, J., 385(6, 7, 9, 10), 386(8, 11), 387(13), 397, 

489(9), 600 
Allen, G., 278(36), 279(36), 284 
Allen, T. H., 124(1), 136, 145(1), 149 
Alnor, P. C , 253, 254, 255, 259, 261 
Altschule, Μ . D., 42(7), 46 
Anderson, B. Jr., 58(1), 59(11), 66 
Andrac, C., 385(6), 397, 498(9), 600 
Angei, Α., 252(3), 253, 261 
Angervall, G., 244, 244 
Annis, J. F., 436, 437, 442 
Aoki, K. H., 95, 100 
Apóstol, Ν., 279(76), 286 
Aquadro, C. F., 385(1, 6, 9, 10), 386(11), 396, 397, 

498(9), 600 
Armstrong, H. G., 277, 283 
Arnold, G. E., 280, 283 
Ashton, N., 62(2), 66 
Asmussen, E., 335(1, 2), 336, 409(1), 410, 412(1, 2), 

416, 417 
Atnell, R., 410(9), 417 
Avant, L. L., 272(1), 276 

Β 

Baddeley, A. D., 513, 618 
Ball, E., 25(2), 27(2), 33 

Barnes, D. K., 194(7), 195(7), 201(7), 204 
Barnes, R., 251(10), 256(10), 257(10), 262 
Barron, E. S., 23(3), 33 
Barron, G., 172(21), 175(21), 177 
Barthélémy, L., 385, 386(5), 387, 394, 396, 

397 
Bartlett, R. G., Jr., 334(5), 336, 354(8), 366 
Basnayake, V., 406(2), 407 
Basseres, F., 278(4), 281(4), 283 
Bateman, J. B., 137, 143, 143 
Baum, Η., 278(5), 283 
Bazett, Η. C., 432(4), 4S2 
Beal, D. D., 279, 283 
Bean, J. W., 1(1), 2(1), 5, 7 , 13(1), 16, 35(1), 40 
Beard, S. E., 124(1), 136, 145(1), 149 
Beck, R. Α., 501(3), 606 
Becker, W., 278(51), 286 
Becklake, Μ . R., 353(16), 366 
Beckman, E. L., 431, 4S2, 435(1, 2), 442 
Beehler, C. C., 61, 66 
Beekhuis, J., 278(65), 286 
Behnke, A. R., 59, 66, 116, 121(19), 122, 123(3), 

124(2), 136, 137, 14S, 197(4), 204, 236(1, 2), 237, 
379(1), 383, 449(2, 3), 464, 471(7), 478 

Bell, W. H., 331(17), 335(16, 17), 336(17), 337, 
354(22), 366, 364(21), 370 

Bellet, S., 244(8), 244 
Benitez, J., 278(65), 286 
Bennett, P. B., 123, 124(4), 136, 145(2), 149, 212(2), 

218, 227(4), 227, 368, 369, 386, 396, 449(4, 5), 
464, 457(7, 8), 458(3, 6), 459(6), 460(6), 461(1, 
5, 6), 462(4, 11), 463(9, 10, 11), 464, 465(30), 
466(13), 467(13), 468, 469, 476(8), 478, 480(1), 
484, 491(1), 499 

Benzinger, Τ. Η., 429, 4S2 
Berger, Η., 501, 606 
Bert, P., 1, 7, 23(4), 33, 41(1), 46, 235, 237, 449(6), 

466 
Bertharion, G., 386(5), 396 

559 



560 AUTHOR INDEX 

Bianco, V., 385(6), 397, 498(9), 500 
Bierman, T. Α., 278, 286 
Biot, J. B., 23(5), 33 
Bishop, B., 149(12), 150 
Bishop, J. M., 353(4, 5), 355, 356 
Björkman, O., 28(6), 31(6), 33 
Bjorkvall, C , 481(2), m 
Blinks, L. R., 124(5), 135, 138, U3 
Bocea, Ε., 278(7), 283 
Bohr, D. F., 5, 7 
Bond, G. F., 307(8), 316, 354(24), 356, 359(19), 

365(23), 370, 385(17, 19), 387(19), 397 
Bondi, Κ. R., 335(16), 337, 354(22), 356, 436(4), U2, 
Bondurant, S., 354(6), 356 
Boothby, W. M., 278(47), 285 
Borasi, G., 278(8), 280, 283 
Boriani, V. Α., 278(9), 282, 284 
Bornmann, R. C , 198(5), 204, 236(4), 237, 237, 

519(1), 526, 530(1), 536 
Bosatra, A. B., 278, 279, 284 
Bouche, J., 278(55), 285 
Bowen, H. M., 513, 518 
Boycott, A. E., 115(1), 121, 137(4), 143, 167(1), 

169(1), 176, 186(1), 190, 201(6), 204, 205(3), 218 
Boyle, R., 235(5, 6), 237 
Brackett, N. C , Jr., 399(3, 24), 400, 407, 408 
Bradley, M. E., 41(2), 46, 360(2), 365(2), 369, 525(2), 

526 
Bradstreet, E. D., 29(19), 33 
Brasseur, L., 399(26), 408 
Brauer, R. W., 102, 103(1, 2), 104, 108, 465, 467, 

468, 479(3), 485, 487(3, 6, 7), 489(4), 491(7), 
494(5), 498(2), 499, 500 

Breckenridge, J. R., 435(2), 442 
Bresnick, G. H., 60(7), 65 
Brestkin, A. P., 131(6), 135, 212(1), 218 
Brewster, A. C., 243(2), 244 
Bridges, W. Z., 61, 65 
Brinton, E. S., 172(21), 175(21), 177 
Brock, A. J., 461(1), 468 
Bromberger-Barnea, B., 308(15), 316, 317(9), 323, 

341(5), 345 
Brouha, Α., 498(8), 5ω 
Brown, D. E. S., 85(11), 87(1), 92, 93 
Brown, I. W., Jr., 62, 65, 354(27), 356 
Bryan, A. C., 307(16), 309(16), 311(16, 17), 314 

(16), 316, 317(11), 323, 343, 345 
Buchheit, R. G., 212(6), 218 
Buckles, R. G., 117(2), 121, 151(1), 160, 173, 176 
Bühlmann, A. Α., 121, 122, 123, 136, 141, 143, 169, 

171, 176, 179(7), 185, 190, 191, 205(4, 22), 211, 
218, 221(2, 3), 222(1, 6), 224(6), 227(4), 227, 
339(1), 345, 353(1), 355, 359(3), 369, 379(2), 383, 
466(13), 467(13), 468, 557(1), 558, 

Bülow, Κ., 406(4), 407 
Burger, Ε. J., Jr., 362, 369 
Burrage, W. S., 279(33), 284 
Burton, A. C., 427(3), 432, 43 

Caccamise, D., 35(3), 40 
Cain, C. C , 335(3), 336, 354(2), 355 
Campbell, S. D., 145(3), 149, 154, 160 
Canfield, R. E., 145(10), 149 
Capen, R. L., 32(7), 33 
Careó, P., 278(11), 284 
Carey, C. R., 354(24), 356, 363(24), 365(23, 24), 

366(24), 367(24), 370, 399(22), 407, 467, 469 
Carolla, R. L., 41(3), 42(3), 46 
Carpenter, F. G., 379(3), 384 
Carson, J. C , 243, 244 
Carter, N. W., 399(5), 407 
Case, E. M., 379(4), 384, 449(7), 455, 476(9), 478 
Catto, M. E., 251(10), 256(10), 257(10), 262 
Cavanaugh, P. J., 35(7), 39(7), 40 
Celander, O., 406(2), 407 
Chance, B., 4, 7, 19(4, 5, 6), 20(1, 2, 3, 4, 5), 21(1, 

7), 22, 23(8, 9), 32(8, 9), 33, 39(2), 40 
Chapin, J. L., 13(2), 16, 399(6), 400, 406, 407, 410 

(3), 417 
Chen, C. H., 235(11), 237 
Cherniak, R. M., 353(3), 355 
Chouteau, J., 362(5), 369, 385(1, 4, 6, 7, 9, 10), 

386(5, 8, 11), 387(13), 394, 395, 396, 397, 498(9), 
500, 519(3), 527, 556(2), 555 

Christianson, R. Α., 516(4), 518 
Ch'un, C , 472(10), 478 
Churchill-Davidson, I., 75(2), 76 
Ciulla, C , 471(1, 2, 3), 476(2), 478 
Clamann, H. G., 41(19), 47 
Clancey, W. T., 41(10), 47 
Clapper, G. P., 385(18), 397, 537(8), 544 
Clark, G. F., 335(10), 336, 354(13), 356, 365(15), 

369 
Clark, J. M. , 59(25), 66, 409(4, 13), 417 
Clements, J. Α., 462, 463, 468 
Clode, M., 416(10), 417 
Clydesdale, F. M. , 14(15), 16 
Cobbold, A. F., 406(2), 407 
Cockett, A. T. K., 237, 237, 245(2, 3, 4, 5, 6, 8), 

249{1), 250 
Cocks, A. S. D., 278(12), 282, 284 
Cohen, J. J., 399(24), 400, 408 
Cohen, P., 20(2), 22 
Cole, H. Α., 555(8), 556(8), 557(8), 558 
Cole, R. B., 353(4, 5), 355, 356 
Coleman, E. H., 277, 278(13), 284 



A U T H O R I N D E X 561 

Coles, H., 4(4), 7, 20(3), 22, 23(8), 32(8), SS, 39(2), 
40 

Coles, R. R. Α., 277, 278, 284 
Coombs, J., 28(10), 31(10), SS 
Cooper, D. Y., 2(11), 7, 58(19, 20), 65, 409(17), 410 

(17), 411ί 
Cooper, J. C , 273(3), 276 
Cooper, K. W., 194(7), 195(7), 201(7), 204 
Cooper, O., 25(2), 27(2), SS 
Coppolino, C. B., 471(5), 472(5, 6), 474(6), S78 
Cordes, Ε. Η., 29(31), 32(31), S4 
Corriol, J., 394, S97 
Cossu, R., 252(3), 253, 261 
Coulboy, R., 385(6), S97, 498(9), 500 
Cousteau, J. Y., 385(7, 9, 10), 386(8, 11), S97, 
Covino, B. G., 426(14), 4SS 
Coya, Α., 278(15), 282, 284 
Craig, A. B., Jr., 427(6, 8), 429(6, 7), 430(7), 431 

(5), 4S2 
Craig, F. N., 410, 412, ^ 7 7 
Crank, J., 314(1), SÍ5 
Cripps, V. J., 458(6), 459(6), 460(6), 461(6), 4^8 
Criscuoli, P. M., 471(2, 3, 4, 5), 472(5, 6), 474(6), 

476(2, 4), 478 
Crocker, W E., 186(3), 187(3), 191 
Crooks, T. P., 516(4), 518 
Cross, A. V. C , 457(7), 468 
Crosson, J. W., 278(16), 284 
Crowe, J., 493(14), 500 
Culver, J. F., 61(3, 4), 65 
Cumming, G., 314, S15 
Cummins, J. T., 95(6), 96(6), 100 
Cunningham, D. J., 406(2, 7), 407 
Currie, W. D., 35(6), 39(6), 40(6), 40 
Cutler, R. G., 410(21), ^ 7 7 

de Figuerdo, J. W., 513(1), 518 
deKleyn. Α., 278(18), 284 
Delauze, H. G., 544(7), 544 
Dell, R. B., 399(9), 407 
Demanez, P., 278(19), 284 
Denise, Α., 278(4), 281(4), 28S 
Denning, C. R., 399(9), 407 
DeRobertis, E., 15(9), 16 
DeStefani, G. B., 278, 279, 284 
Dickens, F., 23(15), 27(15), SS 
Dickson, J. G., Jr., 102(7), 103(7), 104(7), 108, 385(14), 

S97, 491(15), 500, 519(5), 527, 537(1), 544, 554, 
558 

Dieter, K. H., 169, 176, 206(5), 218 
Doebbler, G. F., 212(6), 218 
Dollery, C. T., 57, 65 
Donald, K. W., 59(10), 65, 75(1), 76 
Dormán, P. J., 399(25), 408 
Dorn, Μ., 27, SS 
Dossett, Α. Ν., 465(18), 468 
Dougherty, J. Η., Jr., 354(24), S56, 359(6), 360(25), 

363(24), 365(23, 24), 366(24), 367(24), S69, 370 
Douglas, Ε., 24(17, 18), 25(18), 26(18), SS 
Dripps, R. D., 409(17), 410(17), 4^7 
Drohocki, Α., 501, 506 
Drube, H. C , 317, 318, S2S 
DuBois, A. B., 307(10), S16, 353(17), S56, 362, 

S69, 554, 557(5), 558 
Dubs, R., 278(20), 284 
Ducker, A. J., 11(17), 12(17), 15(17), 16(17), 17 
Duffner, G. J., 186(5), 187(5), 188(5), 191 
Duffy, E. J., 23(51), 27(51), 32(51), S4, 58(32), 

66 
Duncan, G, M., 449(13), 454(13), 4^5 
Duntley, S. Q., 272(2), 276 
Dvorak, M., 427(6), 429(6, 7), 430(7), 4S2 
Dyke, R. B., 480(8), 485 

Dale, W. Α., 149(4), 149 
Dale, T., 252(4), 253, 261 
Daly, W. J., 354(6), 356 
Damant, G. C. C , 115(1), 121, 137(4), 143, 167(1) 

169(1), 176, 186(1), 190, 201(6), 204, 205(3), 
218, 449(8), 455 

D'Aoust, B. G., 24, 25(11, 13), 26(12, 13), 27(13), 
SS 

Davidson, J. K., 251(10), 256(10), 257(10), 262 
Davidson, W, M., 186(3, 4), 187(3, 4), 191 
Davidsson, C. S., 243(6), 244 
Davies, H. C , 1(5), 2(5), 7, 23(14), 33, 
Davies, R. E., 1(5), 2(5), 7, 23(14), 33 
Davis, H. L., 237, 237 
Debain, J., 278(17), 284 
De Coninck, J., 399(26), 408 

Ebbecke, U., 101(3), 108 
Edwards, R. H. T., 416(10), 417 
Egbert, L. D., 409(17), 410(17), 417 
Eger, E. I., II, 383, 384, 406, 407 
Egstrom, G. H., 516(4), 518 
Eidelberg, E., 10(8), 15, 16 
Elas, F. J., 59(11), 65 
Elliott, D. H., 175(10), 177, 212(7), 215(7), 218, 

227(4), 227, 457(8), 466(13), 467(13), 468 
Elliott, J. E., 410(6), 411(6), 413(6), 414(6), 416(6), 

417 
Emerson, L. V., 148(5), 149 
Emmel, G. L., 2(11), 7, 58(19, 20), 65, 
End, E., 235, 237 



562 AUTHOR INDEX 

Enge, G. L., 117(4), 121(4), 122 
Engel, Κ., 399(9), 407 
Enns, Τ., 24(18), 25(18), 26(18), 29(19), 33 
Epstein, P. S., 124(7), 131(7), 135 
Epstein, R. M., 127(19), 136 
Evans, Α., 117(18), 122, 152, 160 
Evans, M., 427(11), 4S3 
Everley, I. Α., 277, 278, 285 
Ewing, J. H., 2(12), 8, 58(18), 65 

Fructus, P., 212(10), 216(10), 218, 530, 536, 537 
(2, 4), 543(9), 544(2), 544 

Fructus, X . R., 212(10), 216(10), 218, 487(6), 499, 
530, 536, 537(4), 544 

Fry, D. L„ 308(3), 310(3), 315, 317, 322, 343(6), 
345 

Fryer, D. I., 251(10), 256(10), 257(10), 262 
Fuller, J. L., 491, 500 
Fuson, R. L., 62(22), 65 
Fust, H. D., 205(12, 13), 218 

Fänge, R., 24(21), 27, 33 
Fagraeus, L., 353(11), 354(11), 356, 366(11), 369 
Faltiner, L., 278(21), 282, 284 
Faltynek, L., 278(22), 280, 282, 284 
Falutz, S., 278(23), 284 
Fane, F. D,, 427(9), 4S2 
Fant, G., 293(2, 3), 298, 299(2), 299 
Farhi, L. E., 211(9, 26), 218, 219, 314, 315, 317, 

318, 321, 322, 362, 370 
Faterson, H. F., 480(8), 485 
Featherstone, R. M. , 99(2), 100, 462(15), 468, 487 

500 
Fenn, W. 0 . , 101(4), 108, 460(16, 17), 468 
Fenz, W. D., 480(4), 484(4), 485 
Ferris, E. B., 117(4), 121(4), 122 
Fields, W. S., 280, 284 
Fife, W. P., 124(18), 136 
Finkelstein, S., 410, 411, 413, 414, 416, 417 
Finney, D. J., 181, 191 
Fischer, C. L., 555(4), 558 
Fisher, A. B., 554, 557(5), 558 
Fisher, C. M., 290(1), 292 
Flagler, E. Α., 107, 108 
Fleischer, K., 278(25), 284 
Fluur, E., 293(1, 4), 299 
Forbes, H. S., 59(6), 65 
Foster, C. Α., 75(2), 76 
Fournier, A. M., 253, 261 
Fowler, E. P., 278(26), 284 
Fox, R. H., 72(3), 76 
Frankel, J., 379(6), 384 
Frankenhauser, M., 449(9), 455 
Franklin, D. L., 153, 160 
Franks, J. J., 245(4, 5), 250 
Fransson, F., 298(5), 299 
Frayser, R., 57(15), 58(1, 15), 65 
Frei, P., 141(5), 143, 185(2), 190, 205(4), 211(4), 

218, 221(2), 227, 557(1), 558 
French, J. D., 471(11), 478 
Fritzgerald, J. B., 245(8), 250 
Froeb, H, F., 410, 417 

Gaillard, J., 282, 284 
Gallagher, T. J., 58, 65 
Gelfand, R., 406(17, 18), 407, 554, 558 
Gerschman, R., 1(6), 7, 23(22), 27(22), 33, 35(3), 

40 
Gersh, I., 124(8), 135 
Gertsen, J. W., 311(14), 316 
Gilbert, D. L., 3, 7, 35(3), 40 
Gillen, H. W., 75(4), 76 
Gilliam, H. D., 172(21), 175(21), 177 
Gillis, M . F., 153, 154(3), 160 
Giordano, R., 278(7), 283 
Giretti, M . L., 471(17), 478 
Glaid, A . v . , 27(23), 33 
Glass, Α., 449(5), 454^ 462(9), 468 
Glatte, Η. Α., Jr., 409(8), 410, 413, 4Í7 
Glauser, Ε. Μ. , 331(4), 336, 339(4), 342(4), 345, 

353(7), 356 
Glauser, S. C., 331(4), 336, 353(7), 356 
Gleisner, L., 291(3, 4), 292 
Göransson, Α., 205(8), 212(8), 218 
Goff, L. G., 334(5), 336, 354(8), 356 
Golding, F. C., 175(5), 176, 251(10), 256(10), 257 

(10), 262 
Goldman, R. F., 435(1, 2), 4^2 
Goldsmith, R., 72(3), 76 
Goldstein, L., 501(3, 6, 8), 506 
Goltz, Ν. F., 278(32), 284 
Gontarski, Τ., 278(28), 281(28), 284 
Goodenough, F. Ο., 186(3), 187(3), 191 
Goodenough, R., 480(8), 485 
Goodman, Τ. J., 416(10), 417 
Gosalvez, M. , 19(6), 22 
Gottlieb, S. F., 35(4), 40, 41(4), 42(4), 46 
Gottschaidt, Κ., 481(5), 485 
Gould, R. Α., 2(12), 8, 58(18), 65 
Gowdey, C. W,, 249(9), 250 
Grace, M. , 291(5), 292, 368(14), 369, 523(4), 527 
Graff-Lonnevig, V., 449(9), 455 
Gray, S. P., 227(4), 227, 466(13), 467(13), 468 



A U T H O R I N D E X 563 

Greenbaum, L. J., Jr., 354(9), 366 
Greenberg, D. L., 173, 176 
Griffiths, P., 175(5), 176 
Groom, A. C., 211, 218 
Grutzmacher, K. T., 252, 253, 261 
Guerrier, Y., 278(4), 281(4), 283 
Guillerm, R., 395, 397 

Η 

Haas, J. P., 262 
Häbisch, Η., 399(10), 400, m 
Hahn, Ν., 403(11), 407 
Haines, Η. L., 278, 284 
Hakala, Μ. Τ., 27(23), 33 
Haldane, J. Β. S., 67(5), 76, 115, 121, 137, 143, 167(1) 

169, 176, 186, 190, 201, 204, 205, 218, 379(4), 384, 
449(7), 456, 476(9), 478 

Halfon, Α., 358(9), 369 
Hall, D., 64(26), 66 
Hall, F. G., 335(19), 337 
Hall, I. H., 35(7, 8), 39(7), 40 
Hall, J. F., Jr., 278(30), 284 
Hallberg, O., 278(31), 284 
Hamilton, R. W., Jr., 212(10, 11), 216(10), 218, 321, 

322, 334(6), 335(6), 336, 353, 354(10), 366, 366, 
369, 513(3), 618, 530, 636, 537(4), 539(3, 6), 
644 

Hammel, Η. Τ., 426(16), 4S3 
Hansen, R, Α., 199(8), 200(8), 204, 235(17), 238 
Hanson, J. S., 354(25), 366 
Hansson, H., 61(13), 66 
Harford, E., 278(36), 279(36), 284 
Harrington, W. F., 498(12), 600 
Harris, J. D., 278, 284 
Harry, J., 62(2), 65 
Hart, J. S., 426(16), 433 
Hart, L., 58(32), 66 
Hartley, H. V., 278(13), 284 
Hartmann, Η., 205(12, 13), 218 
Harvey, Ε. Ν., 117, 122, 138, 143, 194, 195, 201(7), 

204 
Hastings, Β. J., 399(22), 400, 407 
Haugaard, Ε. S., 3(10), 4(9), 6(10), 7 
Haugaard, N., 1(8, 14), 2(8, 14), 3(10), 4(9), 6(10), 

7, 8, 23, 26, 27(24), 33, 41(5), 42(5), 46, 61(14), 
65 

Havel, R. J., 243, 244 
Hawkins, J. Α., 199, 200, 204, 235(17), 238 
Hawkinson, G. E., 124(8), 135 
Hawkswell Curtis, J. W., 513(1), 618 
Hayward, A. J., 123(4), 124(4), 136, 145(2), 149, 

212(2), 218, 463(10), 468 

Heber, V., 29(25), 33 
Hee, J., 395, 397 
Hegedus, Z. L., 42(7), 46 
Hegeman, S. L., 99(2), 100 
Heim, J. W., 277, 283 
Heimbecker, R. O., 235(11), 237 
Heller, R., 289, 292 
Heller-Björkman, S., 406(27), 408 
Helmreich, R., 479(6), 486 
Helvey, W. M., 41(6), 46 
Hemenway, W. G., 279(6), 283 
Hempleman, H. V., 116(6), 117(18), 122, 124(9, 10), 

136, 148(5), 149, 152, 160, 167, 168, 169, 170, 171, 
175(5), 176, 177, 199, 200, 204, 206(14, 15), 215 
(15), 218, 465(18), 468 

Henrie, J. R., 449(13), 466 
Henriksson, N. G., 291(3, 4), 292 
Herget, R., 253(2, 7, 8, 9), 254(2, 7, 8), 255(7, 8, 

9), 261 
Herlocher, J. E., 46(21), 47 
Hesser, C. M., 335(7, 8), 336, 353, 354(11), 356, 

364(12), 366, 369, 379(7), 384, 449(9), 454(13), 
466, 460(19), 468, 472(12), 478, 

Hey, E. N., 406(7), 407 
Hickman, J. B., 57, 58, 65, 66, 410, 417 
Hildebrand, J. H., 123, 125(21), 131(12), 136 
Hilgar, J. Α., 278(32), 284 
Hill, D. W., 57(9), 65 
Hill, L., 236(12, 13), 237, 449(10), 466 
Hills, B. Α., 115(8), 116(7, 9), 117(7, 10), 121(7, 

9, 11, 14), 122, 125(13), 136, 137, 138(7), 139, 
142, 143, 148, 149(6, 7), 149, 168, 169, 170, 176, 
206(16, 17, 18, 19), 218 

Hiramatsu, K., 95(1), 100 
Hiramoto, Y., 86(16), 93 
Hirsch, Ε. Ζ., 243(13), 244 
Hittle, L. L., 32(52), 34 
Hlastala, M. P., 149(13), 160 
HolHster, L. E., 243, 244 
Holloway, D. H., Jr., 354(27), 366 
Holmgren, Α., 317(3), 322 
Holmgren, B., 335(8), 336, 364(12), 369 
Hong, S. K., 425, 426(10, 14), 4S3 
Hopff, H., 471(15), 478 
Horn, R. S., 3(10), 4(9), 6, 7, 26, 33 
Horsfield, K., 314(1), 315 
Horton, Β. D., 23(51), 27(51), 32(51), 34, 41(15, 

16), 42(11, 16), 47 
Horton, J. W., 117(12), 122 
Houlihan, W. M., 42(7), 46 
Howell, B. J., 426(14), 4S3 
Howry, D. H., 152, 160 
Hughes, R. L., 416, 417 
Hull, W. E., 335(19), 337 



564 AUTHOR INDEX 

Hunter, J., 236, 238 
Husney, R. M., 41(3), 42(3), 46 
Hyatt, R. E., 308(3), 310(3), 311(4), 315, 317, < 
Hyde, R. W., 554, 557(5), 558 

I 

Igarishi, M. , 278(65), 285 
Ikels, K. G., 124(18), 136 
Imbert, G., 387(13), 397 
Inman, V. T., 137, 143 
Irwin, J. W., 279, 284 

Jacob, F., 91(2), 92 
Jacob, H. S., 43(8), 46 
Jacobson, Α., 239(5), 244 
Jaffe, Β. F., 278(34), 279, 281(34), 282, 284 
Jagendorf, Α. Τ., 29(27), 31(27), 34 
Jagodzinski, R. V., 35(4), 40 
Jakobi, Η., 278(35), 280, 284 
James, W., 205, 218 
Jamieson, D., 4(4), 7 , 19(4), 20(3, 4), 22, 23(8, 9), 

32(8, 9), 33, 39(2), 40 
Jarrett, A. S., 334(9), 335(9), 336, 354(12), 356, 

364(13), 369 
Jenney, E. H., 124(8), 135, 501(6), 506 
Jerger, J. F., 278(36), 279, 284 
Jobsis, F., 20(2), 22 
Johansson, G., 291(3), 292 
Johnson, D . O . , 102(1), 103(1), 108, 487(3), 485 
Johnson, F. H., 87(1), 92, 107, 108 
Jones, D. P., 243(6), 244 
Jones, H. B., 209(21), 218 
Jones, N. L., 416(10), 4^7 
Jones, R. J., 172(21), 175(21), 177 
Jones, R. R., 278(16), 284 
Jordan, M . R., 489(4), 494(5), 499 
Josephs, R., 498(12), 500 
Jukes, M . G., 406(2), 407 
Julhen, G., 253(5), 261 
Jung, J., 262 

Kado, R. T., 237; 237, 245(2, 6), 250 
Kakefuda, T., 15(4), 16 
Kaneshina, S., 95(1), iOO 
Kang, B. S., 426(14), 433 

Kann, H. E., 41(10, 15), 42(9, 11, 14), 47 
Kaplan, S. Α., 464, 468 
Karagianes, M. T., 153, 154(3), 160 
Karp, S. Α., 480(8), 4S5 
Katsaros, B., 403, 407 
Kawata, S., 278(37), 280, 284 
Keating, Β. Μ. , 243(14), 244 
Keating, U. R., 427(11), 4S3 
Kecht, B., 280, 284 
Kellar, R. J., 172(21), 175(21), 177 
Keller, H., 123, 136, 141(5), 143, 179(7), 185(2), 

190, 191, 205(4, 22), 211(4), 218, 221(2, 3), 227, 
557(1), 558 

Kelley, P. L., 169(16), 170(16), 177, 205(33, 35), 
208(33), 216(34, 36), 219, 537(5), 544 

Kellogg, R. H., 406(8), 407 
Kemp, R. Α., 406(17), 407 
Kent, D. W., 406(8), 407 
Kent, P. R., 59, 65 
Kerschbaum, Α., 244(7, 8), 244 
Kessler, G., 240, 244 
Kessler, L., 278(40), 282, 284 
Kety, S. S., 115(13), 122, 127(15), 136 
Keyes, M. H., 98, 100 
Kidd, D. J., 167(11, 19), 169(17, 18), 170(11, 18, 19), 

171(18), 175(10), 176(11, 19), 176 
Kiessling, R. J., 449(11), 4^5 
Killam, E. K., 497, 500 
Killam, K. F., 497, 500 
Kimura, R. S., 279, 285 
Kimzey, S. L., 555(4), 558 
Kindwall, Ε. P., 145(8), 148(8), 149 
Kinney, J. A. S., 271(4), 272, 273(3, 4, 8), 275(5, 

7, 9), 276 
Kleinfeldt, D., 278(42), 280, 285 
Knight, C. J., 554, 557(5), 558 
Knox, C , 117(2), 121 
Kobrak, F., 278, 285 
Koch, G. H., 311(17), 316, 317(11), 323 
Koenig, H., 23(28), 34 
Koepchen, H. P., 406(12, 13), 
Kormüller, A. E., 501, 506 
Kostrzewa, R., 4(9), 7 
Kough, R. H., 2(11, 12), 7, 8, 58(18, 19, 20), 65 
Krasberg, A. R., 530, 536 
Krasnogor, L. J., 410, 413, 417 
Krohn, H., 26(29), 34 
Krnjevic, K., 10(3), 15(3), 16 
Kuhn, Η. J., 24(30), 25(30), 26(30), 34 
Kuhn, W., 24(30), 25(30), 26(30), 34 
Kumanichkin, S. D., 59(36), 66 
Kuo, P. T., 243, 244 
Kuriyama, K., 15(4), 16 



AUTHOR INDEX 565 

Kylstra, J. Α., 103, 108, 291, 292, 310, 316, 353(21), 
356, 368, 369, 493(14), 500, 523(4), 527 

Laffont, M., 544(7), 5U 
Lambertsen, C. J., 2(11, 12), 7, 8 , 11, 13(5, 6), 16, 

41(12, 13), 47, 58(17, 18, 19, 20), 59(17, 24, 25), 
Q^{2Q), 65, 66, 75(6), 76, 102(7), 103(7), 104(7), 
108, m m , 124(16), 176(12), 177, 179(8), 
186(8), 187(8), 191, 335(10), 354(13), 
365(15), 369, 404(14), 406(14, 15, 16, 17, 18), 
407, 414(12), 417, 449(12), 4^5, 471(13), 475, 
491(15), 500, 519(5), 5^7, 554, 557(5, 6), 558 

Landau, J. V., 85, 86(3, 8, 12), 87(4, 5, 7), 88, 89, 
90(6), 92, 93 

Lankford, Η. G., 243(2), 244 
Lanphier, Ε. Η., 307(10), 313(6), 315, 316, 317(4, 

8), 320(4), 321, 322, 322, 334(11, 12), 335(12, 13), 
336, 337, 353(17), 354(14), 356, 365(16, 17), 370, 
383(8), 384, 385(17), 386(15), 397, 464(21), 468, 
476(14), 478 

La Rocca, Μ., 471(17), 478 
Larsen, R. T., 530, 536 
Léandri, Μ., 253(5), 261 
Le Boucher, F., 394, 397 
Le Chiuton, J., 394, 397 
Lederer, H., 240, 244 
Lee, N. H., 4(9), 7 
Lefler, W. H., 59(11), 65 
Leith, D. E., 310(7), 315, 362, 370 
LeMessurier, D. H., 121(11, 14), 122, 426(16), 433 
Lemire, G., 235(11), 237 
Len, P. J., 58, 6 6 

Lenfant, C., 353, 356 
Lenhardt, E., 278(44), 285 
Lentle, R. G., 148(5), 149 
Lerche, D., 403(11), 407 
Lester, R. G., 35(9), 39(9), 40 
Leve, L. H., 307(19), 316 
Levine, J. B., 240, 244 
Liddle, G. W., 406(19), 407 
Lieber, C. S., 243(6), 244 
Ligabue, L., 195, 197, 201(1), 204 
Lima-Ostos, M. , 406(8), 407 
Linaweaver, P. G., 360(2), 365(2), 369, 525(2), 526 
Lindberg, C. R., 335(16), 337, 354(22), 356, 436(4), 

442 
Linde, H. W., 409(17), 410(17), 4Í7 
Lindeman, H., 278(45), 285 
Lindqvist, J., 293(2), 298, 299(2), 299 
Lindsay, J. R., 278(46), 279(6), 283, 285, 290(6), 292 
Link, Ε. Α., 102, 104, 106, 108, 491(16), 500 

Linnarsson, D., 353(11), 354(11), 356, 366(11), 369 
Lippy, W., 278(64), 285 
Little, J. B., 307(11), 308(11), 316, 317(6), 322, 

341(3), 345 
Lloyd, B. B., 406(7), 407 
Lochner, W., 335(10), 336, 354(13), 356, 365(15), 

369 
Loeschcke, G. C , 406(13), 407 
Loeschcke, H. H., 2(11), 7, 58(19, 20), 65, 403(11), 

406(13), 407 
Lofland, H. B., Jr., 239, 240, 244 
LoMonaco-Croce, T., 195(10), 204 
Longmuir, I. S., 291(5), 292, 368(14), 369, 523(4), 

527 
Lord, G. P., 307(8), 316, 359(19), 370 
Losowsky, M . S., 243(6), 244 
Lovelace, W. R., 278(47), 285 
Luft, U. C , 410(6), 411(6), 413(6), 414(6), 416(6), 

417 
Lumio, J. S., 278(48), 282, 285 
Lundin, G., 130, 136, 205(8), 211, 212(8), 218, 219 
Lundgren, C. E. G., 205(8, 23), 212(8), 218, 219, 

291, 292, 383, 384 
Luria, S. M. , 271(4), 272(4, 6), 273(4, 8), 275(5, 7, 

9), 276 
Lurie, A. Α., 335(10), 336,354(13), 356, 365(15), 369 
Lynn, G. E., 278(49), 285 

Μ 

Maag, C. H., 449(11), 4^5 
McCabe, N., 399(23), 400, 408, 410(16), 417 
McCallum, R. I., 251(10), 256(10), 257(10), 262 
McElroy, W. D., 194(7), 195(7), 201(7), 204 
McGregor, M. , 353(16), 356 
Maclnnis, J. B., 102, 103, 104, 108, 321(2), 322, 

385(14), 397, 491(15), 5ω, 513(3), 518, 519(5), 527, 
537(1), 539(6), 544 

Mcintosh, H. D., 354(27), 356 
Mclver, R. G., 124(1, 18), 135, 136 
Mackay, R. S., 151(6, 10), 152(8), 153(8), 159(7, 9), 

160(9), 160, 205(25), 219 
Macklem, P. T., 307(11), 308(9, 11), 316, 317(6), 

322, 341(3), 345, 362, 369 
MacLean, L. D., 59(31), 66 
Macleod, J. J. R., 236(12, 13), 237, 449(10), 4^5 
Mager, W., 289(2), 292 
Magoun, H. W., 471(11), 478 
Mahler, H. R., 29(31), 32(31), 34 
Mailer, C. M., 57(9), 65 
Maio, D. Α., 317, 318, 321, 322, 362, 370 
Malette, W. G., 245(8), 250 
Mammen, R. E., 58(12), 65, 362(8), 369 



566 AUTHOR INDEX 

Mangelson, N. L., 245(2), 250 
Manojiovié, C , 278(50), 285 
Marder, J., 431, 432, 4^3 
Margolis, G., 62, 65 
Marshall, J. R., 13, 16 
Marshall, R., 307(10), 316, 353(17), 356 
Marsland, D. Α., 85(10, 11), 86(8, 9, 10, 12, 13, 16), 

87(1, 7, 9), 92, 93 
Marti, E., 24(30), 25(30), 26(30), 34 
Matthys, H., 227(4), 227, 466(13), 467(13), 468 
Matzker, J., 278(51), 285 
Maurer, R., 278(53), 279, 282, 285 
Mazzone, 354(24), 356, 360(2), 365(2, 23), 369, 370, 

385(19), 387(19), 397, 525(2), 526, 530, 536 
Mayo, C. W., 278(47), 285 
Mead, J., 307, 308(9, 11), 310(7), 315, 316, 317, 

322, 339(2, 4), 341(3), 342(4), 345, 353(18), 356, 
362, 370 

Medd, W. L., 427(8), 4S2 
Mehmke, S., 278(53), 285 
Membert, J. H., 491(16), 500 
Membery, J. H., 102, 104, 106, 108 
Mengel, C. E., 23(51), 27(51), 32(51), 34, 41(3, 10, 

15, 16, 17, 18), 42(3, 9, 11, 14, 16), 46, 47 
Menn, S. J., 409(13, 14), 410, 413, 414, 415, 416, 

417 
Meyer, H. H., 463, 468 
Meyer, K. H., 471(15), 478 
Michaud, Α., 394, 397 
Miles, S., 307(12), 316, 317, 322 
MiHc-Emili, J., 313, 314(18), 316, 339, 342(4), 345 
Miller, E. F., 58, 65 
Miller, J. N., 317(8), 322 
Miller, J. W., 457(23), 468 
Miller, K. W., 102(9), 103, 104, 108, 379(9), 384, 

462(24), 468, 493(17), 500 
Miller, N., 463(2), 468 
Miller, S. L., 383(5), 384, 462(25), 468 
Mines, A. H., 406(8), 407 
Mitchell, P., 29(32), 34 
Mitrovic, M. , 278(50), 285 
Moeller, G., 173, 177, 205(27), 219 
Mori, C., 280, 285 
Moir, E. W., 236, 238 
Monie, A. S., 27(33), 34 
Monod, J., 91(2), 92 
Moor, G. F., 62(22), 65 
Morgan, T. E., 41(19), 47 
Morrill, C. G., 406(8), 407 
Moruzzi, G., 471(16), 478 
Motley, E. P., 59(6), 65, 449(2), 454, 471(7), 478 
Motsay, G. J., 409(8), 410(8), 413(8), 417 
Moulonguet, Α., 278(55), 285 
Muehlbaecher, C. Α., 462(15), 468, 487, 500 

Müller, Κ. G., 205(28), 219 
Mullins, L. J., 462(26), 468 
Münk, O., 24(35), 34 
Muren, O., 399(3), 407 
Murphree, Η. Β., 501(5, 6, 7, 8), 503(5), 506 
Murray, G. W., 12(18), 13(18), 14(18), 17, 23(50), 

S4 
Murray, J. F., 353(19), 356 
Musselman, M. M., 237(8), 237 
Myles, W . S., 10(7), 16, 23(34), 34 

Ν 

Naguet, R., 543(9), 544 
Nahas, G. G., 35(5), 40, 58, 66 
Nakamura, R. M., 245(3, 4, 5, 6), 250 
Nantz, R., 493(14), 500 
Naquet, R., 497, 500, 543(9), 51^1^ 
Neptune, E. M., Jr., 23(45), 26(45), 27(45). 34, 

39(11), 40 
Nestel, P. J., 243(13), 244 
Newton, N. L., 61(3, 4), 65 
Ngai, S. H., 464(28), 468 
Nichols, C. W., 59(24, 25), 64, 65, 66, 557(6), 558 
Nichols, G., Jr., 399(22), 407 
Nielsen, J. C., 24(35), 34 
Nielsen, M. , 335(2), 336, 410, 412, 417 
Nims, L. F., 137, 142,14S 
Nobbs, C. L., 96, 100 
Noble, A. D., 321(2), 322, 513(3), 518, 539(6), 544 
Nobrega, F. T., 58(12), 65, 362(8), 369 
Noell, W. K., 60, 61, 66 
Novotny, G. M., 278(71), 285 
Nozue, M., 278(56), 285 
Nuernbergk, W., 278(57), 285 
Nujada, M., 425(12), 343 

Odum, T., 385(17), 397 
Ohnishi, T., 21(7), 22 
Ohsaki, K., 280, 283 
Olafsson, S., 311(4), 315 
Olsen, D. E., 311(14), 316 
O'Malley, B., 41(16, 17), 42(16), 47 
O'Neal, H. Α., 385(17), 397 
Opheim, O., 278(58), 285 
Oriol, P., 385(6), 397, 498(9), 500 
Orwen, I., 406(27), 4O8 
Otis, A. B., 335(3, 14), 336, 337, 353(20), 354(2), 

355, 356, 399(6), 400, 406(6), 407, 410(3), 417 
Overfield, E. M., 353(21), 356 
Overrath, G., 227(4), 227, 466(13), 467(13), 468 



A U T H O R I N D E X 567 

Overton, E., 463, 468 
Owen, S. G., 335(10), 336, 354(13), 356, 365(15), 369 

Page, E., 410(9), U7 
Papahadjopoulos, D., 462(11), 463(11), 468 
Pappenheimer, J. R., 335(15), 337 
Papper, E. M., 464(28), 468 
Parbrook, G. D., 555(7), 558 
Pare, J., 386(5), 394, 396, 397 
Parker, I., 314(1), 315 
Parkhouse, J., 449(13), 454(13), 455 
Passke, M., 145(14), 150 
Paton, W. D., 102(9), 103(10), 104(10), 108 
Paton, W. D. M., 175(5), 176, 251(10), 256(10), 

257(10), 262, 379(9), 384, 462(24), 468, 493(17), 
500 

Pätz, Α., 66 
Paulev, P. E., 288, 292 
Pauley, S. M,, 249(7), 250 
Pauli, D. C., 385(18), 397, 537(8), 544^ 555(8), 

556(8), 557(8), 558 
PauHng, L., 462(29), 468 
Pearson, O. P., 185(9), 191 
Pease, D. C., 194(7), 195(7), 201(7), 204 
Perl, W., 127(19), 136 
Perlman, H. B., 279, 285 
Permutt, S., 308(15), 316, 317(9), 323, 341(5), 345 
Perra, L., 252(11), 253, 262 
Perry, R. Α., 103(2), 104(2), 108, 487(7), 491(7), 

500 
Pessotti, R. L., 102(1), 103(1), 108, 487(3), 4S5 
Peterson, P. L., 153, 154(3), 160 
Pfeiffer, C. C., 501, 506 
Philp, R. B., 131, 136, 249, 250 
Piccard, J., 145, 149 
Riesel, F. J., 282, 285 
Piiper, J., 26(29, 36), 34, 145(10), 149 
Pirastu, E., 252(11), 253, 262 
Pinder, T. W., 98, 100 
Plesset, M. S., 124(7), 131(7), 135 
Polak, I. B., 235(17), 238 
Poplawski, B., 278(28), 281(28), 284 
Potter, W. Α., 311(4), 315 
Prasad, M. , 249(9), 250 
Price, H. L., 409(17), 410(17), 417 
Price, L. M., 501(7), 506 
Pride, N. B., 308(15), 316, 317, 323, 341(5), 345 
Pruskauer-Apostol, B., 279(76), 285 
Pryor, W., 410(9), 417 
Pudenz, R. H., 151, 160 
Pugh, L. G. C. E., 426(13), 4S3 
Purkey, W. P., 278(49), 285 

Rackow, H., 127(19), 136 
Radloff, R., 479(6), 485 
Radomski, M. W., 464, 465(30), 469 
Rahill, W. J., 399(9), 407 
Rahn, H., 145(10), 149(4, 12), 149, 150, 211(26), 

219, 399(6), 400, 406(6), 407, 410(3), 417 
Ramalho, P. S., 57(9), 65 
Ramel, Α., 24(30), 25(30), 26(30), 34 
Rashboss, C., 170, 177 
Rasmussen, H., 278(61), 285 
Rawlins, J, S. P., 436(4), 442 
Raymond, L. W., 335(16), 337, 354(22), 356, 435, 

442 
Redding, R. W., 102(1), 103(1), 108, 487(3), 485 
Reeves, E., 435(1, 2), 442 
Regnard, P., 101, 108 
Reichelt, Α., 262 
Rennie, D. W., 426, 431, 432, 433 
Requarth, W. H., 278(62), 285 
Restarski, J. S., 151, 160 
Reynolds, J. L., 532(6), 535(6), 536 
Richards, D. W., 399(1), 407 
Riggs, B. C., 1(14), 2(14), 5, 8 
Riley, R. L., 308(15), 316, 317(9), 323, 341(5), 345 
Roberts, Α., 343(6), 345 
Roberts, E., 10(8), 15(4, 8), 16 
Roberts, W., 61, 65 
Robertson, D., 278(36), 279(36), 284 
Robertson, J. S., 173, 177, 205(27), 219 
Röckert, Η., 239(5), 244 
Rome, Η. P., 449(13), 454(13), 455 
Ronald, J., 252(13), 254, 262 
Rosenberg, E., 59(31), 66 
Ross, M. , 125(21), 136 
Roth, E. M., 124, 136 
Rózsahegyi, I., 251, 262 
Rubensohn, G., 278(80), 286 
Rucci, F. S., 471(17), 478 
Ruedi, L., 278(65), 285 
Ruff, F., 314(18), 316 
Ruff, S., 205(28), 219 
Rushmer, R. F., 153, 160 
Russell, R. W., 449(14), 454(14), 455 
Rusy, B. F., 331(4), 336, 353(7), 356 
Rutberg, L,, 91, 93 

Sacher, Η., 278(63), 285 
Salanitre, Ε., 127(19), 136 
Salganicoff, L., 15(9), 16 



568 AUTHOR INDEX 

Saltzman, H. Α., 58(1, 32), 65, 66, 331(17), 335(17), 
336(17), 337, 354(27), 356, 364(21), 370, 493(14), 
500 

Salzano, J. V., 331, 335(17), 336(17), 337, 356, 364 
(21), 370 

Sanders, A. P., 35(6, 7, 8, 9), 39(6, 7, 9), 40(6), 40 
Sartor, E., 252(15), 253, 262 
Saunders, J. B. de C. M., 137, 14S 
Saunders, J. C , 249(7), 250 
Saunders, W., 278(64), 285 
Sayers, R. R., 123(11), 136, 278(16), 284 
Schaefer, K. E., 307(8), 316, 334(18), 337, 354(24), 

356, 359(6, 19), 360(25), 363(24), 364(22), 365 
(22, 23, 24), 366(24), 367(24), 370, 399(20, 22, 
23), 400, 403, 406(21), 407, 408, 410(15, 16), 
411, 413, 417, 464(31), 467, 469 

Schilder, D. P., 343, 345 
Schindler, F., 19(5), 20(5), 22 
Schlegel, W., 153, 160 
Schmidt, C. F., 2(11), 7 , 58(19, 20), 65 
Schneiderman, H. Α., 379(6), 384 
Schoenborn, B., 96, 100 
Schoener, B., 19(5), 20(2, 5), 22 
Schönthal, Η., 403(11), 407 
Schoffeniels, Ε., 92, 93 
Scholander, P. F., 24(18, 38, 39), 25(18, 37, 38) 

26(18), 29(19), 33, 34, 426(16), 4S3 
Schramm, L. P., 501(6), 506 
Schreiner, Η. R., 96(5), 100, 116(15), 121(15), 122, 

169, 170, 177, 200(11), 204, 205(29, 30, 33, 35), 
208(33), 212(6, 11, 30, 32), 215(31), 216(34, 36), 
218, 219, 222(5), 227, 321(2), 322, 513(3), 518, 
537(5), 539(6), 544 

Schuknecht, H. F., 278, 285 
Schumacher, G. Α., 290(9), 292 
Schuman, D., 26(36), 34 
Schwartz, M. , 29(40), 31(40), 34 
Schwartz, M . G., 243(2), 244 
Schwartz, S., 10(3), 15(3), 16 
Schwartz, W. B., 399(24), 400, 408 
Schwert, G. W., 27(23), 33 
Scott, R. L., 131(12), 136 
Sears, D. F., 462(33), 469 
Sears, W. J., 410(18), 417 
Sechzer, P. H., 409(17), 410(17), 417 
Segal, M., 281, 282, 285 
Seifert, Ε., 252, 262 
Seifert, R., 205(13), 218 
Seidin, D. W., 399(5), 407 
Semple, S. J. G., 406(18), 407 
Serbanescou, T., 543(9), 544 
Seusing, J., 253(2), 254(2), 261, 317, 318, 323 
Shambaugh, G. E., Jr., 290(10), 291(10), 292 
Shaw, L. Α., 236(1), 237 

Shcherbakova, G. V., 16(10), 16 
Sheehy, J. L., 278(67), 281(67), 285 
Sheenhan, M . E., 494(5), 499 
Sheldon, C. H., 151, 160 
Shibata, H. R., 59(31), 66 
Shiga, Α., 278(68), 285 
Shilling, C. W., 13(11), 16, 199(8), 200(8), 204, 

235, 238, 277, 278, 286, 449(15), 456 
Shumway, L. K., 28(48), 31(48), 34 
Sieker, Η. O., 57(15, 33), 58(15, 32), 66, 66, 354 

(27), 366 
Sinclair, R. D., 409(4, 13, 14), 410(14, 18), 413(14), 

414(14), 415(14), 416(14), 417 
Singleton, G., 278(65), 286 
Sjunsen, F. H., 491, 600 
Skalski, N., 216(36), 219 
Skreslet, S., 427(17), 4S3 
Skurczynski, W., 278(35), 280, 284 
Slater, E. C., 29(41), 34 
Sl0rdahl, J., 253, 254, 255, 262 
Smith, E. B., 102(9), 103(10), 104(10), 108, 129 

(23), 136, 379(9), 384, 462(24), 468, 493(17), 500 
Smith, W. W., 41(15), 42(11), 47 
Smyth, M . G., 406(18), 407 
Snell, E. H., 236, 238 
Snider, H. H., 186(5), 187(5), 188(5), 191 
Solano, J. T., 399(3), 407 
Sonesson, B., 293(3), 299 
Song, S. H., 426(14), 4S3 
Spalter, Η. F., 58, 66 
Speakman, J., 64(35), 66 
Spencer, M . P., 145(3), 149, 154, 160 
Sperati, G., 278(8), 280, 283 
Stacey, N. E., 16(16), 17, 35(13), 40 
Stadie, W. C., 1(14), 2(14), 8 
Standish, M . M. , 463(2), 468 
Stange, G., 282, 285 
Steen, J. B., 24(42, 43, 44), 25(43), 34, 426(16), 4S3 
Stein, S. N., 464, 468 
Steinberg, H., 449(14, 16), 454(14, 16), 455 
Stephens, M. , 278(71), 286 
Sterkers, J., 278(72), 286 
Stevens, W. C., 383(5), 384 
Stocking, C. R., 28(48), 31(48), 34 
Strasberg, M. , 116(16), 122 
Streett, W. B., 103(10), 104(10), 108, 493(17), 600 
Strittmatter, C. F., 25(2), 27(2), 33 
Stroud, M. W., I l l , 2(12), 8, 58(18), 66, 335(10), 336, 

354(13), 366, 365(15) 
Stubbs, R. Α., 167(11, 19, 22), 169(17, 18), 170 

(11, 18, 19), 171(18), 176(11, 19), 177 
Sudduth, H. C , 23(45), 26(45), 27(45), 34, 39(11), 

40 
Suga, F., 280, 284 



AUTHOR INDEX 569 

Sugerman, A. Α., 501(8), 606 
Sullivan, J. F., 243(2), 2U 
Sullivan, W. J., 399(25), m 
Sursher, L., 278(71), 285 
Sutton, B. M., 186(4), 187(4), 191 
Svane-Knudsen, V., 278(73), 285 
Swanson, L., 245(2), 250 
Swindle, P. F., 235, 288 

Tabakin, Β. S., 354(25), 356 
Takeshita, S., 416, 417 
Talbott, G. D., 243(14), 244 
Tanaka, M., 95(1), 100 
Taniewski, J., 278(74), 285 
Tauber, J. F., 436(4), 442 
Taylor, C., 409(20), 412(20), 417 
Taylor, D. W., 35(10), 40 
Taylor, H. J., 13(12), 16, 186(4), 187(4), 187(5), 191 
Taylor, R., 73(7), 76 
Teed, R, W., 278, 285 
Teng, H. C., 399(5), 407 
Tetu, I., 279, 285 
Thomas, J. J., Jr., 23(45), 26(45), 27(45), 34, 39(11), 

40 

Thomson, R. M., 449(2), 454, 471(7), 478 
Thurman, R. G., 19(6), 22 
Tilney, L. G., 86(16), 93 
Timms, R., 41(10, 18), 47 
Tredici, T., 61(3, 4), 65 
Trevor, A. J., 95, 96(6), 100 
Tucker, D. G., 155, 160 
Turaids, T., 58(12), 65, 362(8), 369 
Turner, J. M., 307(11), 308(11), 316, 317(6), 322, 

339(4), 341(3), 342(4), 345 
Twitty, V. C., 124(5), 135, 138(3), 143 
Tyler, J. M., 313, 316 

U 

Uhl, R. R., 252(18), 253, 262 
Ulvedal, F., 46(21), 47, 410(21), 417 
Unsworth, I. P., 73(7), 76, 462(34), 469 
Uribe, E., 29(27), 31(27), 34 

Van Caneghem, D., 278(77), 286 
Van Dam, L., 24(39), 34 

Van der Aue, O. Ε., 172, 175, 177 
Van Dishoeck, Η. Α. Ε., 278(78, 79), 279, 286 
Van Handel, Ε., 240, 244 
Van Liew, Η. D., 145(14), 149(11, 12, 13), 149, 160 
Van Ypersele de Strihow, C., 399(26), 4O8 
Vernon, H. M., 131(24), 136 
Verzeano, M., 471(11), 478 
VeselY, C., 278(22), 280, 282, 284 
Vidaver, W., 28(46), 34 
von Euler, U. S., 406(27), 4O8 
von Neergaard, K., 341, 345 
von Schrötter, Η., 289(2), 292 
Vorosmarti, J., 41(2), 46, 360(2), 365(2), 369, 525 

(2), 526 

w 

Wagensteen, O. D., 317(8), 322 
Wagoner, W., 493(14), 500 
Walander, Α., 278(80), 286 
Walder, D. N., 117(18), 122, 145(15), 150, 152, 

160, 175(5), 176, 251(10), 256(10), 257(10), 262 
Walder, D. P., 149(12), 150 
Waldvogel, W., 121(3), 122, 222(6), 224(6), 227 
Walker, A. E., 290(11), 291(11), 292 
Warburg, O., 28(47), 34 
Watson, W. J., 10(13), 11(13, 17), 12(17, 18), 13 

(18), 14(15, 18), 15(17), 16(14, 16, 17), 16, 17, 
23(49, 50), 34, 35(12, 13), 40 

Way, R. O., 103(2), 104(2), 108, 487(6, 7), 489(4), 
491(7), 494(5) 499, 500 

Weaver, R. S., 167(22), 177 
Webb, P., 436, 437, 442 
Webster, A. P., 123, 136 
Weglicki, W. B., 331(17), 335(17), 336(17), 337, 

356, 364{2l), 370 
Weibel, J., 280, 284 
Weier, Τ. Ε., 28(48), 31(48), 34 
Wellie, F. L., 279(33, 81), 284, 286 
Weiner, K. H., 205(13), 218 
Weissman, O., 275(9), 276 
Weitzman, D. O., 271(4), 272(4, 6), 273(4), 275 

(5, 7), 276 
Welch, B. E., 41(19), 46(21), 47, 409(4, 8, 13, 14), 

410(8, 11, 14, 18, 21), 413(8, 11, 14), 414(14), 
415(14), 416(14), 417 

Wells, M. , 498(18), 500 
Welsby, V. G., 155, 160 
Weltman, G., 516, 618 
Wempen, R., 410(11), 413(11), 417 
Wendel, H., 335(10), 336, 354(13), 356, 365(15), 

369 
West, E. S., 41(20), 47 
West, J. B., 353(26), 356 



570 A U T H O R I N D E X 

West, J. R., 399(1), 407 
Weybrew, B. B., 479(7), 480(7), 485 
Whalen, R. E., 354(27), 356 
Whelan, R. F., 406(28), 408 
Whitaker, D. M., 124(5), 135, 138(3), m 
Whiteley, A. H., 194(7), 195(7), 201(7), 204 
Whittingham, C. P., 28(10), 31(10), 33 
Willgrube, W. W., 449(15), 455 
Williams, A. N., 513(1), 518 
Williams, C. D., 5, 8 
Wilhams, J., 73(7), 76 
Williamson, J. R., 19(4), 20(4), 22, 23(9), 32(9), 33 
Willmon, T. L., 116, 121(19), 122 
Wilmot, T., 278(82), 286 
Wilson, K. M., 462, 463, 4^8 
Wingo, C. F., 399(3), 407 
Winters, R. W., 399(9), 407 
Wirz, K., 341, 345 
Wishnia, Α., 98, 100 
Withers, J., 399(23), 400, 4O8, 410(16), 4^7 
Witkin, H. Α., 480(8), 485 
Wojnarowska, W., 278(28), 281(28), 284 
Wolf, G. L., 127(19), 136 
Wood, J. Α., 399(1), 407 
Wood, J. D., 10(7, 13), 11(13, 17), 12(17, 18), 13 

(18), 14(15, 18), 15(17), 16(14, 16, 17), 16, 17, 
23(34, 49, 50), 34, 35(12, 13), 40 

Wood, L. D. H,, 307(16), 309(16), 311(16, 17), 
314(18), 316, 317, 323, 343, 345 

Wood, W. B., 307(19), 316, 317, 321, 323 
Woodhall, Β., 35(6, 7, 8, 9), 39(6, 7, 9), 40(6), 40 

Wolff, Η. S., 72(3), 76 
Workman, R. D., 116(20), 121(20), 122, 123, 136, 

138, 14s, 169, 170, 171, 172, 177, 186(10), 188 
(10), 191, 205(37, 38), 209(37), 212, 219, 236(20), 
238, 307(19), 316, 385, 387, 397, 530(5), 532(5, 6), 
535(5, 6), 536 

Wright, Α., 243, 244 

Yamasaki, Y,, 278(83), 286 
Yanoff, M., 64(26), 66 
Yant, W. P., 123(11), 136 
Yarbrough, O, D., 236(2), 237, 449(3), 454 
Yoshida, M., 278(84), 286 
Young, I. M., 406(2, 28), 407, 408 

Zak, B., 240, 244 
Zal'tsman, G, L., 59, 66, 123, 136 
Zalusky, R., 46, 47 
Zechman, F., 335(19), 337 
Zilversmit, D. B., 240, 244 
Zimmerman, A. M. , 86(13, 8), 93 
Zinov'eva, I. D., 59(36), 66, 123(27), 136 
Zirkle, L. G., Jr., 23(51), 27(51), 32(51), 34, 41(16), 

42(16), 47 
ZoBell, C. E., 32(52), 34 
Zuidema, J. J., 285 



S U B J E C T I N D E X 

Abdominal pain, 525 
Aerotitis media, see Hearing loss 
Ambient noise, 524 
Ambient pressure, see Pressure 
7-Aminobutyric acid 

decreased levels of, in nerve synapse, 15, 16 
effects of HPO on, 10-15 

of oxygen on, 9-16 
vs. O2 toxicity, 35-40 
TCA cycle and, 9 

Anoxia, tissue, 19, 20 
ATPase, effect of pressure on, 96 

Β 

BassogigaSj swimbladder, 24 
Blood 

agglutination, in decompression sickness, 235-237 
biochemistry of, in saturation-excursion diving, 

540-541 
circulating, in decompression, 233-267 
flow, decreased, in cold water, 427 

Bone necrosis, aseptic, in divers, 251-261 
differential diagnosis, 257 
radiological interpretation, 256, 257 
radiological techniques, 256 
sites of lesions, 252-255 

Bradycardia, 335, 336, 353, 539 
Breathing, see also Ventilation 

flow vs. gas density, 343 
mechanics of, in deep saturation diving, 339-345 

Bubbles 
absorption, in decompression, 145-149 
in decompression, 117 
detection in tissues and blood, 151-160 

using Doppler shift principle, 153, 154 
using pulsed ultrasonic systems, 152, 153, 157-

159 
using Rayleigh scattering, 154, 155 

formation 
inert gas exchange and, 113-163 
due to inert gases, 126, 127 

growth, 137-143 
relevant data, 138 

symmetry of uptake and elimination, 142 
theoretical considerations, 138-141 
Zurich group data, 141 

^'silent," 137, 145, 151 

Carbon dioxide 
elimination, effects of high density gas on, 379-383 

SFe - O 2 , 380, 381 
excretion, urinary, effect of high pressiu-e, 366-368 

Cardiac responses to exercies in He - O atmosphere, 
325-336 

Central nervous system (CNS) 
effects of compressed air on, 471-478 

of inert gases and pressure on, 447-509 
gas narcosis and, 501-506 
oxygen toxicity and, 4 

Chlorella, 28 
Cholesterol, content after decompression, 240-243 
Circulation in decompression, 233-267 
Compressed air, neuropsychological effects of ex­

posure to, 471-478 
Compression arthralgia, 523, 524 
Communication, underwater, 269-304 
Conductance, 343-345 
Convulsions, 11-15, 71, 72 

due to hydrostatic pressure, 104-106 
threshold pressure in mice, 489-494 

in squirrel monkeys, 494-499 
in various species, 489 

Cornea, effect of O2 on, 64 
Coryphenoides acrolepsis, 27 
Cyclopropane, effect on proteins, 98, 99 
Cysteine vs. O2 toxicity, 35-40 

D 

Decompression, 72 
analysis of past experience, 213-215 
ascent-limiting values of partial pressures of dis­

solved inert gases, 212, 213 
circulation and circulating blood in, 233-267 
computation of alveolar partial pressure of inert 
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gas at low ambient pressure, 211, 212 
of schedules, 216 
of specific time constants of inert gas transport, 

208-211 
criteria of mathematical model, 205, 206 
derivation of model, 206-208 
dissolved gas washout and bubble absoprtion in, 

145-149 
experimental testing of model, 213 
gas-exchange technique, 123, see also inert gases 
gas mixtures, 123 
gas nucleation concept applied to, 193-204 
hearing loss in, 277-283 
inert gases in, 165-232 

characteristics of, 123-135 
exchange during, 115-121 
single, 123, 124 

of mice, 179-190 
physiological variables in, 215, 216 
pragmatic view of, 205-217 
probable outcome of future experiences, 216, 217 
prophylactic, 167-176 

ascent criteria, 169-171 
body tissue gas transfer, 167, 168 
body tissue models, 168, 169 

in saturation diving, 221-227 
incidence of bends, 226 

Decompression profiles 
calculation of, 171, 172 
practical comparison of, 172-174 

Decompression sickness, 146-148, 526 
behavior of gas mixtures in, 132-134 
blood agglutination in, 235-237 
hearing loss and 280-282 
inert gases and, 124-125 
lipid and gas emboU in, 245-249 

Diving 
atmospheric control, 520-522 
compression phase, 522 
decompression phase, 522, 523 
deep chamber, He - O 2 , physiological effects, 

553-558 
experimental studies during, 521 
human performance at great depths, 479-484 

memory tests, 481 
motor coordination and, 481-483 

pre- and post-, medical evaluation, 520, 523 
psychological stress of, 480, 481 

Diving suits 
dry, 440 
heat loss, 337 
heat sources for, 441, 442 
incompressible, 439 

Drugs, hydrostatic pressures and, 107 

Ε 

Electroencephalography, 501-506, 543, 555-557 
Enzymes, effect of O2 on, 2-4 
Escherichia coli 

effect of inert gases on, 98, 99 
of pressure on, 87, 88, 91 

Excercise 
alveolar ventilation, 329, 331, 354, 548 
carbon dioxide 

production, 327, 330, 349, 350 
tension, 329, 331 

expiratory now, 340-342, 359-361, 548 
hmitations of, 307-310, 317-319 

heart rate, 329, 334, 351, 352 
inspiratory flow, 548 

hmitations of, 310, 311 
hquid flow, hmitations of, 310 
oxygen consumption, 327, 349, 350, 352 
pulmonary ventilation, 331, 349, 352, 548 
respiratory frequency, 328, 332, 351, 548 
respiratory quotient, 327 
tidal volume, 328, 332, 548 
ventilation, see also Ventilation 

at ambient pressure, 307-315 
hmitations of, 311-314 
mechanical assistance, 315 
regional flow, hmitations of, 314, 315 

ventilatory volume, 328 

Fish, see also specific species 
swimbladder, gas transport in, 24-27 

GABA, see 7-Aminobutyric acid 
/3-Galactosidase, effect on pressure on, 88-90 
Gas emboli, in decompression sickness, 245-249 
Gas exchange 

during exercise, 365 
respiratory, at high ambient pressures, 385-396 
in resting conditions, 363 

Gas narcosis, see also specific types 
biophysical mechanisms for, 462-465 
effect on performance by man, 449-454 
electrical activity in central nervous system in, 

501-506 
in hehum diving, 465-467 
physiological test for, 457-461 

Gas nucleation concept applied to decompression, 
193-204 

definition of symbols, 196 
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examples of, under various conditions, 197-204 
formulas describing, 196 

Gases, see also Inert gases 
physical effects of, 83-112 

Glucose 
vs. O2 toxicity, 35-40 
in saturation-excursion diving, 541 

Glutamate vs. O2 toxicity, 35-40 
a-GP (α-Glycerophosphate) vs. O2 toxicity, 35-40 
GSH vs. O2 toxicity, 35-40 

Η 

Halothane, 503-505 
Hearing loss, 524, 525 

in decompression, 277-283 
acoustic trauma, 280 
acute neuritis of nerve, 278 
lack of pressure equaUzation in middle ear, 277, 

278 
sudden deafness among divers, 282, 283 
vascular accident, 279 
vasomotor neurosis, 279, 280 
virus infections, 278, 279 

decompression sickness and, 280-282 
in diving, 287 

Heat exchange between man and water environ­
ment, 425-432 

HeLa cells, effect of pressure on, 89, 91 
HeUum, see Diving 
Hematocrit in saturation-excursion diving, 540 
Hemoglobin, O2 saturated, 41 
Heparin, effects of, following decompression, 247 
High pressure hyperexcitabiUty syndrome, 487-

499, 557 
Human performance 

in deep saturation study, 515-517 
at great depths, 479-484 
in saturation-excursion diving, 542-544 

Hypercapnia 
acute, exercise in, 411-416 
chronic, in man, 399-406, 409-416 

exercise in, 411-416 
exposure to ambient Pcoj, 400-405 
rate of accUmatization, 400 

effect of hormones on, 406 
exercise during, 409-411 
metaboUc acidosis in, 415 

Hyperoxia, 41, 42, 46, 58, 60 
Hyperventilation, 343, 344 
Hypocapnia, 58 
Hypothermia, 430, see also Heat exchange 
Hypoventilation, 334, 335 

Hypoxia caused by normoxic gas mixtures, 385-389 
hmits in use, 394 

Inert gas exchange 
bubble formation and, 113-163 
during decompression, 115-121 

methods and procedures, 117, 118 
results, 118-120 

in mouse 
bends incidence, 180, 182, 183 
calibration of, 179-190 
decompression from saturation exposures, 188, 

189 
relationship to man, 186-188 
slow decompression, 189, 190 

Inert gases 
convulsions and, 492 
in decompression, 165-232 

characteristics of, 123-135 
quantitative differences between, 127-132 

behavior in slow decompressions, 131, 132 
decompression ratios with different gases, 

128-131 
rate of saturation, 127 
time of onset of symptoms, 128, 129 

decompression sickness and, 124, 125 
effect on central nervous system, 447-509 
gross decompression signs produced by, 126 
pressure, effect of, on protein structure and func­

tion, 95-100 

Lactic acid in saturation-excursion diving, 541 
Lens, effect of O2 on, 64 
Lip-twitching syndrome, 70, 75 
Lipid emboh in decompression sickness, 245-249 
Lipids 

inert gas exchange under hyperbaric conditions 
and, 239-244 

in saturation-excursion diving, 540 

Μ 

Malate vs. O2 toxicity, 35-40 
Manned chamber operations, 511-558 
Mitochondria 

O2 metabolism in, 19-21 
oxygen toxicity and, 4 

Mouse, inert gas exchange in, 179-190 
Myoglobin, effects of inert gases on, 96-98 
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Ν 

Nitrous oxide (N2O) 
dose-response data for, 454 
effect on cognitive functions, 451-454 

on visual performance, 450, 451 

O 

Ocular tissue, neurosensory 
pathological effect of O2 on, 60-64 
physiological effect of O2 on, 57-60 

Otitis, 524, 525 
Oxygen 

effects of, on blood formation, 41-46 
on carbohydrate metabolism, 3, 4 
on cells and systems, 55-81 
on ophthalmic structures, 57-64, see also specific 

structures 
high pressure (HPO) metabolic control phenomena 

and, 21, 22 
hyperbaric, effect of, 1 
inactivation of enzymes by, 2-4 
for intracellular oxidation-reduction reactions, 19-

22 
mechanisms of toxicity, 1-53, see also Oxygen 

toxicity 
photochemical production of, 28-31 
toxic effect on cellular metabolism, 1 

Oxygen poisoning, see also Oxygen toxicity 
natural resistance to, 23-32 
scope of, 1-7 

Oxygen-resistant systems, 23, 24 
Oxygen toxicity, see also Oxygen poisoning 

acute, in working man, 67-76 
cardiac pulse rate, 73-75 
chemical protection against, 35-40 
convulsions, see Convulsions 
disappearance of ''the lips," 70 
effect on brain metabolism, 5, 6 

on heart homogen ates, 6 
of trace metals on, 5 

end-tidal Pco2, 75 
GABA levels and, 19-16 
inspired O2 concentrations, 68 
molecular mechanisms of, 3 
in neuronal elements, 9-16 
in space flight program, 42-46 
symptoms of 

major, 70, 71 
minor, 68-70 

weight loss and body temperatiu-e, 72, 73 

Paralysis due to hydrostatic pressure, 104-106 
Photosynthesis, O2 production and, 28-31 
Pressure 

effect on central nervous system, 447-509 
high 

effect on speech, 293-299 
hyperexcitabihty syndrome, see High pressure 

hyperexcitabihty syndrome 
high pmbient 

exercise ventilation at, 307-315 
respiratory limitations of, 305-375 

hydrostatic 
drugs and, 107 
effects on cellular function, 85-92 

on gel-sol phenomenon, 85, 86 
on mammals, 101-108 
on proteins, 95 

physical effects of, 83-112 
Protein in saturation-excursion diving, 540 
Pulmonary diffusion, 548 
Pulmonary function during saturation-excursion 

diving, 357, 358, 548 
Pulmonary gas exchange, 358, 359, 363-366 
Pulmonary ventilation, 548, see also Ventilation 

during exercise, 365 
in resting conditions, 363 

Pyruvic acid in saturation-excursion diving, 541 

R 

Red blood cell (RBC), see also Blood 
hemolysis by hyperoxia, 43 
oxygen toxicity in, 41-46 
in saturation-excursion diving, 540 

Respiratory control, 548, see also Exercise 
Respiratory distress 

due to hydrostatic pressure, 104-106 
effect of N2O on, 147 

Respiratory limitations of high ambient pressures, 
305-375 

Retinal detachments, oxygen-induced, 61, 62 
Retrolental fibroplasia, 60 

Saturation-excursion diving, 537-544 
diving profile, 538 
He - O 2 , 529-535 
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N 2 - O 2 , 545-551 
cJinical studies, 550 
decompression studies, 550, 551 
hematological studies, 549 
microbiological studies, 550 
respiratory-pulmonary studies, 548, 549 

Saturation exposure 
hehum, 1000-ft, 519-526 
no-decompression limit, 530, 534 
open-sea, 513-517 
repetitive group designation, 530, 533 

Sehastodes miniatus 
conversion of glucose to lactate, 27 
glycolytic rates in, 26 
swimbladder, 25, 26 

Senses, use of, underwater, 269-304 
Space flight programs, effect of O2 on RBC, 42-46 
Speech 

distortion at high pressure, 293-299 
effect of pressure on, 

in air, 293-296 
in other gas mixtures, 296-299 

Succinate vs. O2 toxicity, 35-40 
Synapses, oxygen toxicity and, 4 

Thermal balance 
at depth, 435-442 
of divers in capsules or chambers, 440, 441 
in shallow and deep exposure, 423-445 

Tremors, see also Convulsions 
hehum, 524, 554, 555 
due to hydrostatic pressure, 104-106 

Triglycerides, content after decompression, 240-243 
Tris vs. O2 toxicity, 35-40 
Tyrosinase, effects of inert gases on, 96 

u 

Undersea operations, 511-558 
Uric acid in saturation-excursion diving, 540 

Vasoconstriction, 57, 58 
in cold water, 427, 429 

Ventilation 
exercise, 320-322 

in H e - O atmosphere, 325-336 
limitations on exertion at depth, 317-322 

Vertigo in diving, 287-291 
description, 288 
symptoms, 288 

rehef of, 289 
Vestibular derangement in decompression, 287-291, 

see also Vertigo 
Vision 

effect of N2O on, 450, 451 
visibihty and, underwater, 271-276 

Visual-motor coordination, 275, 276 

w 

Water 
effect of clarity on perception of distance, 274, 275 
heat exchange between man and, 425-432 
light transmittance curves for, 272 
visibility of colors in, 273 

Water-air refraction, 274, 275 
White blood cells in saturation-excursion diving, 540 

X 

Xenon, effect on proteins, 96-99 


