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BACKGROUND AND PROBLEM STATEMENT

It is a pleasure to welcome you to the Institute for Marine Biomedical
Research of the University of North Carolina at Wilmington.

As many of you know, at this Institute part of our program for a long
time has been research on the physiological and pharmacological problems of
deep diving. Certainly what we shall discuss during the next few days will
fall in that category. The Conference that we are about to embark upon was
conceived five years ago in discussions between Claes Lundgren and me, at a
time when both of us felt that the time might be ripe to resume much larger
scale human experimentation with hydrogen than had been carried on for a
number of years. We went to the Undersea Medical Society, with this
proposal, and the Undersea Medical Society in turn went to the National
Oceanic and Atmospheric Administration (NOAA) in the hope of securing funds,
but at that time was turned down. The project was revived last year with
funding from NOAA and I was approached to organize it. In the meantime, the
courageous French and Swedish hydrogen diving experiments either had taken
place or had been planned and were about to take place, and it seemed to me
that the scope of the Conference as originally envisioned no longer met the
requirements of what was then in order. Since NOAA could not provide the
extra funding needed, I went to the French Navy, the French National
Research Council, the Swedish National Defence Research Institute, and the
Swedish National Research Council to see whether one could find support for
some of the visitors whom I felt it would be essential to invite. These
organizations did in fact come to our aid, and it is thus thanks to all of
these agencies together with NOAA and UMS that this Conference has been put
together.

We shall be talking to two communities, that of pharmacologists and
biologists on the one hand, and the industrial and diving community on the
other. The material we have before us seems to me a classic example of
basic research carried successfully to the transition from research to
development and application. With regard to the scientific group, we shall
try to address what bearing the data have on theories of anesthesia and on
both the qualitative and quantitative aspects of the interaction of anes-
thetic agents with high pressure. With regard to the diving community, we
obviously shall try to consider what bearing the biological data has on the
ability of man to perform work effectively in deep water and to do so
safely. We will also have to talk about the special problems of handling,
storage, and operational use of a gas that for a long time was remembered
primarily because it helped to burn up the zeppelin Hindenburg. Finally, I
hope that in our last session we will be able to talk about the meaning of
all these data tot he future of diving. After all, those of you who have
been concerned with diving are well aware that other technologies are
growing apace to compete with diving by man exposed to the medium, and that
implies that any major advances in the technology and the biology of diving
are certain to shape the competitive relations between the different
approaches to work underwater.

These are the concepts that we have tried to build into the program. I
hope that as we go through our discussions,we have an interesting time, and

ix
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that the agencies who have come to our aid to put this Conference together
will agree at the end that the effort was worthwhile.

It seems appropriate to begin our discussion by looking briefly at the
historical background that brought the field to the point where the large-
scale human experiments we shall presently hear about became ethically and
practically feasible. This first section will comprise three communi-
cations: a note on the role of animal research in this field by Dr. Naquet
and me, an inquiry into the possible toxic effects of hydrogen by Dr. Fife,
which also has marked historic overtones, and appropriately, a report by
Dr. Ornhagen on animal research concerning Hy in Sweden.

The bibliography is extensive and we have decided to place it at the
end of this volume as an appendix that is relevant to all of our
discussions, and to proceed here directly to the papers and the discussion.

Ralph W. Brauer, Ph.D.
Chairman



Scanned for the Undersea and Hyperbaric Medical Society by
the Rubicon Foundation (http://rubicon-foundation.org/) with support
from the Divers Alert Network in memory of Dr. Ed Thalmann.

SECTION I
Historical Aspects
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CONTRIBUTIONS OF ANIMAL EXPERIMENTATION TO THE ESTABLISHMENT OF
APPROPRIATE CONDITIONS FOR ETHICAL USE OF HYDROGEN AS A
COMPONENT OF DEEP DIVING ATMOSPHERES

R. W. Brauer
Institute of Marine Biomedical Research
Wilmington, N.C. 20401

R. Naquet
Laboratoire de Physiologie Nerveuse
Centre National de la Recherche Scientifique
91190 Gif Sur Yvette, France

Since 1789 a total of 39 papers has been published dealing more or less
directly with problems pertinent to the possible use of hydrogen as a
component of diving atmospheres. If one divides these papers into those
based on the results of animal experimentation on the one hand, and all
other categories, including studies using human subjects and theoretical
ones, on the other, and then plots the resulting two distributions as

functions of time (Fig. 1), some most interesting patterns emerge. First,
the data reveal the very early onset of interest in Hy dating back to
Lavoisier (1). Second, they show the brief surge of interest following the

work of Behnke, Hildebrand, and others establishing inert gas narcosis as
such and resulting in the human trials of Case and Haldane (2) and in those
of Arne Zetterstrém. (4-6). They reveal the prolonged gap of interest in
Hy following the tragic death of that young Swedish engineer. And finally
they reveal that most recent and by far the most intense burst of interest
in the use of Hy, beginning in about 1965 with experiments comparing
narcotic effectiveness of He and Hy (7). Fig. 1 shows clearly that this
latest surge of interest in Hy was introduced and led by animal experimen-
tation which reached its peak level during the 5 yr between 1970 and 1975,
thereafter to decrease progressively with each succeeding 5-yr span.
Simultaneously, other types of experimentation dealing with Hyp, increasingly
involving preparations for and actual conduct of diving experiments invol-
ving human subjects (31-33, 35), progressed at an ever-increasing pace. It
is thus difficult to escape the conclusion that here is an instance where
animal experimentation furnished the basic data upon which others found it
possible to initiate work directly aimed at testing the feasibility of
exposing human subjects to this gas and gathering the benefits that might
result from its unique properties.

It is in order then to inquire what contributions animal experimentation
made to permit this development. If one examines the subjects touched upon
by the 17 papers reporting animal experiments concerning Hp, these are found
to address seven categories (Table 1); animal experimentation has failed so
far to address three remaining categories of biological data of operational
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Fig. 1. Distribution of publications related to the use of hydrogen
in diving over successive 5-yr periods, and partitions of the
total effort between animal experimentation and all other
types of investigation.

interest. Primary contributions of animal research in this field, there-
fore, seem to have been aimed at the problem of the safety of exposing man
to Hyp; at assessment of the narcotic potency of this gas; at its interaction
with the high pressure neurologic syndrome (HPNS); and at providing some
guidelines toward development of decompression schedules and toward assess-
ment of the importance of countercurrent diffusion problems in transfers
between Hy and He atmospheres. Let us briefly summarize the specific
contributions made by animal experimentation to each of these topics.
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Table 1

Summary of papers dealing with Hy exposures

Thirty-six papers dealing with Hy exposures; of these 16 involved
animal experiments, of which:

9 focused on safety, possible pathologic effects
6 focused on anesthetic potency

5 focused on HPNS activity

3 contained data regarding decompression

2 miscellaneous (cancer)

1 thermal effects

1 countercurrent diffusion problems

0 respiration

0 long-term exposures and residual effects

0 voice

Concern with safety is perhaps the earliest scientific motivation that
led to animal experimentation. As early as 1789, Seguin and Lavoisier
exposed guinea pigs to Hp-Op mixtures and found that the animals could
survive such atmospheres safely and that their Oy consumption rates in this
medium seemed to be very much the same as in N9-09 mixtures (1). The Russian
investigator, Lazarev, was probably the first to subject any animal to
elevated pressures of Hy. His experiments were cut short by World War II
and he was only able to report on a single mouse (!) which, however,
furnished some interesting and provocative observations, the full signifi-
cance of which was not realized until many years later (3). He reported that
his pioneer mouse survived the exposure to Hy-09 mixtures safely, though "a
bit benumbed." Resumption of work with Hy in 1965 swiftly added to the list
of animals and species that had safely survived Hy exposures of up to 24 h

at pressures up to /0 ATA (7,8). A warning note was soon interjected by a
series of experiments in which animals failed to survive what appeared to be
much more conservative Hy exposures (9,14). It was probably these latter

experiments that discouraged resumption of human experimentation on a large
scale until the possible implications of these ominous-sounding experiments
had been evaluated. This was accomplished in part by extensive and careful
investigation of dogs exposed to Hy partial pressures up to 70 ATA, decom-
pressed, and followed by careful pathological workup (16,22). These experi-
ments reconfirmed that the animals routinely survived the Hy exposures and
that they did so without showing any recognizable pathologic changes. The

5
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definitive evidence in the sequence of studies bearing on this matter was
careful recapitulation of the supposedly incriminating experiments, using
the same species and replicating as far as possible the original conditions,
only to encounter once again 100% survival of uninjured animals (29). With
this piece of work, the scientific community at large apparently accepted
the conclusion that experiments impugning the safety of Hy had been defin-
itively refuted, and resumption of experiments involving human exposures
followed almost at once.

However, at this point animal experiments have left three aspects of
the subject uncovered: Since no one has been able to replicate the experi-
ments resulting in bradycardia and death of the animals during the rela-
tively short exposures of (9) and (l4), the uneasy possibility remains that
some unknown factor causing bradycardia and death may lurk unrecognized in
Hy exposures. The tentative conclusion is that we must look for the cause
in unrecognized impurities in the Hy used in those particular experiments,
but this remains to be tested and confirmed. Second, to date the longest
period of animal exposure has not exceeded 24 h. Although human exposures
to Hy-containing atmospheres of more than 1 wk in duration have been
conducted successfully, it remains a desirable goal of animal experimen-
tation to test the safety with which exposures can be extended to periods
comparable to those currently in use in industrial saturation dives and to
probe for criteria optimizing the tenuous balance between narcotic effects
and antagonism to HPNS effects in He-Hy-0O, atmospheres. Finally, looming in
the background as a result of the striking success of recent human deep-
diving experiments utilizing Hy is the possibility that these results will
encourage penetrations to depths not hitherto attained, and that at these
depths pressure effects or Hp effects not previously encountered might
assume an importance which they have not displayed in any of the diving
situations hitherto tested [cf. (31)].

With regard to anesthesia, the earliest results of animal experiments
(3) were obtained before the recognition of pressure effects on the CNS.
The first few years of the post-1965 thrust of animal experimentation were
dominated by attempts to unravel these relationships and for the first time
provided a precise estimate of the relative intrinsic anesthetic potency of
Hy) as displayed in two species (7,10). It is pleasing to note that the
estimate thus derived has now been confirmed to a most satisfying degree of
precision in the first deep human dive designed with these animal results in
mind (32), indicating that for purposes of estimating narcotic potencies the
mouse is a remarkably good man. What the animal experiments failed to
predict was the possibility that the quality of Hy narcosis may differ
significantly from that of Ny narcosis, a possibility raised by observations
during both the French (32) and Swedish (33) Hy dives in 1983 and 1984,
respectively. While this leaves room for further animal experimentation in
this area, it seems likely that in practice the burden of further develop-
ment here will be carried largely by more extensive human experimentation
that is clearly in the offing.
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INTERACTION WITH HPNS

Concurrent with the first description of HPNS as such on the basis of
animal experiments were indications that, like other inert gas narcotics, Hjp
is capable of antagonizing development of at least some of the symptoms of
HPNS (7). While this conclusion was presently developed into quantitative
proof of the anti-HPNS effectiveness of Hy in mice (17), experiments with
primates were not unanimous on this conclusion (12,13,15,19).

Using baboons (Papio papio) implanted with different electrodes
permitting records of EEG, electromyogram (EMG), and electro-oculogram
(EOG), Rostain et al. (19) confirmed these data and concluded that HPNS
differs depending on the compression method, depth, and mixture used. For
example, they demonstrated that the introduction of 6-8% Ny, in a mixture of
Hp-09, does not prevent the apparition of epileptic seizures between 600 and
700 m if the compression stays fast and the curve nonexponential. On the
contrary, the progressive introduction of 5.5% Ny into the mixture, with an
exponential compression profile with stage of 40 min every 100 m, enables
baboons to be taken to a depth of 800 m with no epileptic seizures and with
a reduced HPNS. This technique of compression was utilized in man, using
different mixtures, Ojp-He, He-09-Ny, and minimal HPNS was observed (36).

At this time very few experiments have been done with 0jp-Hy mixture in
baboons using the same technique permitting the registration of EEG, EMG,
and EOG. The only one found in the literature (13) corresponds to six dives
from 300 to 700 m realized with fast linear compression, and with the same
percentage of Hy, 99%, starting from 200 m. Tremor appeared in all baboons
at 450 m. EEG modifications tended to show a discrete slowing of the rhythm
and a tendency of the paroxysmal activity to disappear around 460 m.
Nevertheless, between 650 and 700 m epileptic fits appeared.

Thus, the final conclusion that could be passed from animal experimen-
tation to those planning human trials was that there was good reason to
expect some anti-HPNS effect of Hy, but that the magnitude of this effect in
man could not readily be predicted because of important species differences
in this respect. It is perhaps in order to note that part of the difficulty
here arose from the statistical character of both the narcotic/anti-HPNS
effects and the HPNS symptoms themselves which made some of the published
data difficult to interpret [cf. (31)]. Evaluation of the human results and
of the extent to which they bear out these predictions will form an impor-
tant part of this symposium [cf. (37)].

A mnew factor that has been recognized only over the last 2-3 yr,
concurrently with the human experiments, is the effect of acclimation to
inert gas narcosis [even at high pressure (38)]. This raises the possibility
that as a result of such acclimation, subjects having undergone prolonged Hj
exposures might prove to be hypersensitive to the CNS effects of high
pressure, making transfer from Hj-containing to Hp-free heliox atmospheres
potentially hazardous. Here again the human experiment Hydra V seems to
have furnished indications bearing out the predictions based on animal

experiments, a matter that also will become clearer later during these
discussions.
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DECOMPRESSION AND COUNTERDIFFUSION PROBLEMS

Experience gained during the course of animal experimentation during
the 1960s and early 1970s indicated that, as one might have expected from
the physical properties of the gases, safe decompressions after Hy exposures
require longer periods and slower decompression parameters than were found
safe after comparable He exposures in the same species (15,16,19). While
these conclusions undoubtedly entered into the considerations upon which
decompression tables for the human experiments were developed, it seems
likely that in practice those developing the new tables paid more attention
to the available physical and solubility data than to the semiquantitative
data available from any of the animal experiments.

Countercurrent diffusion phenomena and the resulting isobaric bends
phenomena were first described in the course of human experiments and most
of their subsequent analysis likewise have relied more on human than on
animal experimentation (34). Thus, when transfers from Hy mixtures to He
were carried out during Hydra V, the occurrence and severity of isobaric

bends phenomena that might result could not be predicted with any confi-
dence.

THERMAL EFFECTS

Only one communication has dealt with the thermal effect of substi-
tuting Hy for He in mice. This showed that significantly higher tempera-
tures are required to maintain body temperatures at predetermined, sup-
posedly "normal" levels in Hy than in He at high pressure. So far as we
know the human experiments conducted to date have failed to give any

indications of significant differences between pure He and the He-Hjp
atmospheres in this respect.

It is perhaps not surprising that the important work on the beneficial
effects of substituting Hy for He from the point of view of breathing
resistance should have been carried out exclusively in man where highly
sophisticated techniques for making such measurements are well standardized
[cf. (23,32,35)]. There are no animal experiments dealing with the hydrogen

voice and here again it is to be expected that progress will rely largely on
human experimentation.

Recapitulating this brief overview it appears that animal experimen-
tation made its major contribution to this field (a) by establishing that H
can be breathed safely at pressures well beyond those likely to be encoun-
tered in the foreseeable future in diving practice; (b) by correctly
assessing and forecasting the narcotic effects of Hy; and (c) by correctly
demonstrating and forecasting the beneficial effects of Hy with regard to
key symptoms of HPNS and pointing out the hazards of transferring men from
He-Hy-0) to He-0y at great depths. These three contributions made it
possible from both ethical and practical points of view to plan and to
undertake diving experiments in which men were to breathe He-Hy under
pressure, defining beforehand the key limitations as well as some of the key
benefits to be expected from utilization of this gas. Animal experimen-
tation contributed to a negligible extent to assessment of the remaining
important benefit that derives from the use of this gas in deep diving,
i.e., the great improvement in the ease of breathing He-Hp-0) atmospheres at

8
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high pressure relative to heliox or He-Nj-Op. Animal experiments made minor
contributions to recognition of decompression and thermal problems to be
expected. Contributions still to be sought from animal experimentation are
likely to focus primarily on the evaluation of possible hazards due to
long-term exposures and perhaps to very deep exposures, and to a lesser
extent on clarification of the somewhat peculiar characteristics that
appear to distinguish Ny narcosis from Hy narcosis.

We believe it is fair to conclude from this brief survey that in the
case of the development of Hy as a potential component of deep diving
atmospheres, animal experimentation has played a most important role;
without such experimentation conduct of the human experiments that are now
taking place would have been far more risky and indeed in all probability
would have been precluded on ethical grounds. It seems to us that the time
distribution of publications in the field, as shown in Fig. 1, nicely
illustrates the healthy sequence of events in this case in which animal
experiments preceded and set the ground for the application of this gas to
deep diving technology, an application which, as we hope the present
conference will demonstrate, holds great promise of extending both the range
of depths over which useful diving intervention is feasible and the period
of time over which this technology is likely to survive the competition of
other approaches to accomplishing useful work in deep water.
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THE TOXIC EFFECTS OF HYDROGEN-OXYGEN BREATHING MIXTURES

W. P. Fife
Hyperbaric Laboratory
Texas A&M University

College Station, TX 77843

The potentially toxic effects of molecular hydrogen on the body were
first studied by Lavoisier in 1789 (1). He placed guinea pigs in a bell jar
containing a mixture of hydrogen and oxygen in which the initial concen-
tration of oxygen was "in nearly the same proportion in volume which exists
between life-giving air and nitrogen gas in the atmosphere." The animals
apparently survived 8 to 10 h. Although at the time it was felt that they
succumbed to ammonia, it is probable that they died from CO, poisoning,
since it now is well known that under similar experimental conditions
animals will survive longer if COy is absorbed.

One hundred and forty-eight years elapsed before an Hp-0p breathing
mixture again was examined, this time by Case and Haldane (2). These
workers breathed a mixture of Hg, Ny, and Oy in a hyperbaric chamber at an
ambient pressure of 10 atmospheres for up to 6 min without any adverse
reaction.

In 1944, Arne Zetterstrom of the Swedish Navy conducted four open ocean
dives on Hp-0Oy breathing mixtures (3). His first two dives were to a depth
of 5 and 8 ATA breathing a three-gas mixture containing 72% Hy:24% Nj:4%
09. He then conducted two additional dives to depths of 12 and 17 ATA
breathing a two-gas mixture containing 96% Hy and 4% Op. On the 17 ata dive
(160 m) he lost his life when one of the two winch operators raising his
stage hauled him directly to the surface without observing decompression
stops; since upon reaching the surface he still was breathing 4% 0Op he
succumbed to hypoxia and probably air embolism (personal communication,
H. Bjurstedt, 1976).

Interest in the use of Hy for diving again lay dormant until 1965, when
Brauer and coworkers (4) began to study the possible effects of Hy on
various mammals. Their work, principally on mice and monkeys, suggested
that Hy might have a less convulsive effect than He at the same pressures
(5,6), but the full scope of biological effects was not precisely deter-
mined. This work did, however, lead to the conclusion that molecular Hj is
not toxic and is less convulsant than He. Thus, up to this point there was
no evidence to suggest that molecular Hy was harmful to the body, although
certain individuals continued to confuse molecular Hy with ionic Hyp,
suggesting that Hy gas might alter body pH.

As a result of these favorable results from short exposures with small
animals and the successes of Zetterstroém, in 1967 Brauer and his co-workers
(5) at COMEX in Marseille attempted to carry out a human dive to 300 m, at
which depth they planned to shift to a hydrox breathing mixture. Because of
the appearance of the high pressure nervous syndrome (HPNS) they were forced
to abort the dive before changing to hydrox. Again, however, there was no
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implication of Hy as being toxic to the body.

By 1967 interest in the use of hydrox for deep diving increased in the
United States. 1In addition to the work of Brauer, Edel (7), supported by a
commercial diving company, began to study the possible use of Ho as a
replacement for He. The diving company financed several early man dives,
beginning with hydrox exposures of 10 min at a simulated depth of 7 ATA.
Independently, Fife, supported by Texas A&M University Fund for Organized
Research and the U.S. Navy, also began to develop the capability to work
with Hy using dogs. In 1968, Fife and Edel joined efforts to conduct
several extended deep saturation dives on two dogs, first at a depth of 10
ATA and then at 31 ATA. Work also continued with man dives to gradually
increase Hy exposure at a depth of 7 ATA. This series ended in 1969 with
exposures of up to 2 h duration. One of us (W.P.F.) was exposed to a 1.5
h, 7 ATA hydrox dive followed 8 d later by a 2-h dive to the same depth. No
ill effects were noted from the Ho, although in some of the shorter dives
several of the divers experienced mild decompression sickness.

In 1969 there appeared the first indication that the use of hydrox
might be detrimental. This work was carried out by Michaud et al. (8), who
exposed five rabbits to 29 ATA in a chamber submerged in the ocean. These
animals began to present ECG abnormalities after about 2 h, and by 7 h all
were dead. This was followed by studies by Fructus et al. and their
coworkers who compressed baboons to depths ranging from 31 to 68 ATA. We
have received conflicting reports on this study. One is that, of the eight
baboons used, all demonstrated abnormal EEGs and four died. Several of them
revealed brain abscesses. However, we also have received reports that all
of the animals survived and lived for a number of years.

It was our personal feeling that the deaths of the rabbits (and
possibly baboons) were not due to Hy, but probably due to toxic contami-
nation in the breathing gas. We also speculated on the possibility that
these animals may have suffered hypothermia, which will be discussed later.
In any event, both Edel and Fife continued to carry out human dives without
seeing any evidence that Hy was toxic. The work by Ornhagen, Lundgren, and
Muren in 1978 (personal communication, 1980) tended to support the safety of
hydrox. These workers subjected 12 rabbits to 30 ATA for periods of from 24
to 48 h. All animals survived with no evidence of organ damage.

Fife then began a two-pronged attack on the problem. One series of
studies was on dogs, working at a simulated depth of 31 ATA for periods
ranging from 24 to 107 h of hydrox exposure. The other thrust was a series
of dives on humans. These human subjects ranged from 23 to 58 yr of age and
involved the development of decompression tables for up to 45 min bottom
time at a depth of 10 ATA. No ill effects were observed on any of the human

divers. Again, this suggested that hydrox was not significantly toxic to
the body.

Although many of these studies provided subjective evidence that hydrox
was not toxic, there needed to be further objective evidence to assure that
hydrox did not result in subtle physiological damage to the body. For that
reason, Fife carried out an extended series of animal studies in dogs to
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search for histological changes as well as changes in the blood picture.

The following blood enzyme parameters were examined:

1. Serum alkaline phosphatase (SAP);
2. Creatine phosphokinase (CPK);

3. Lactate dehydrogenase (LDH);

4., SGOT; and

5. STGPT.

In addition, the following blood components were studied:

Total serum calcium (TSC);
Cholesterol;

Urea nitrogen;

Total protein;

Glucose;

Serum phosphorus;
Hematocrit;

Red blood count; and
White blood count.

O oOoNONU A~ W=

Table 1 reflects some of the blood enzyme changes with hydrox and with
He (used as a control), while Table 2 presents blood chemistry data. Most
of the differences shown were not statistically significant. Serum alkaline
phosphatase, cholesterol, and serum protein were slightly increased while
TSC was decreased in the postdive samples from both groups of dogs. The
slight increase in cholesterol does not come as a surprise since we have
previously found that nonspecific stress tends often to increase blood
levels. Creatine phosphokinase and LDH were elevated in the postdive
samples from dogs on He, but decreased in dogs exposed to hydrox. However,
again these changes were not statistically significant. No consistent trend
was detected in the other parameters measured.

TABLE 1
BLOOD ENZYMES

Predive Postheliox Posthydrox

MEAN SD MEAN SD MEAN SD
Alk. Phos. IU 25.36 21.64 28.00 23.08 30.00 8.21
SGOT TU 33.82 19.42 36.80 9.50 21.75 7.14
SGPT 1U 39.30 25.99 28.60 2.70 35.67 25.54
CPK IU 267.00 195.17 376.50 85.58 92.67 59.05
LDH IU 319.36 288.58 427.20 234.89 324.10 477.59
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TABLE 2

BLOOD CHEMISTRY

Predive Postheliox Posthydrox

MEAN  SD MEAN  SD MEAN  SD
Cholesterol mg/dl 175.67 43.08 207.20 21.38 210.50 58.26
Total Protein mg/dl 6.90 1.38 7.60 1.23 7.52 1.80
Urea N mg/dl 13.92  4.54 12.14 2.17 13.63 3.77
Creatinine mg/dl 0.93 0.32 0.98 0.29 0.98 0.38
Ca mg/dl 10.53 0.72 9.98 1.41 9.31 1.18
P mg/dl 5.45 1.07 4.68 0.51 5.43 1.45
Glucose mg/dl 82.73 14.14 102.40 16.82 55.50 31.30
HCT 43.57 7.36 43.75 6.18 39.80 4.00

Increased SAP and decrease in TSC raise the possibility of a change in
calcium homeostasis in dogs inhaling these gas mixtures. This possibility
suggests the need for further investigation because of possible effects on
neuromuscular irritability and homeostasis. The increase in CPK and LDH in
dogs inhaling heliox may reflect increased muscular activity or subclinical
intravascular hemolysis. However, such hemolysis was not observed grossly
in the blood samples drawn. Increases in CPK and LDH were not seen in dogs
exposed to hydrox. This further adds to the suggestion that hydrox is not
damaging to the body.

Studies also were carried out to determine whether Hy was toxic to the
lungs and the liver. These studies involved pre- and postdive biopsies of
both organs. The biopsy techniques were the same as those used on humans.
Tissues of both organs were examined both by light and electron microscopy.

More than 300 micrographs were studied on 25 dogs. A critical
evaluation of the lungs showed little that was remarkable. In some animals
there appeared to be a slight increase in the amount of collagen but in all
instances it was felt that the conditions that precipitated this were not
related either to hydrox or heliox for two reasons: First, it appeared to
be present in most predive specimens. Second, it was felt that there was
insufficient time for collagen to develop during a dive even if an appro-
priate insult occurred. As a further indication that such an insult did not
occur, attention is directed to the animals that had a second series of lung
biopsies related to subsequent dives. No evidence was found that these
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animals suffered any long-term or late-developing ultrastructural changes
that could be attributed to a previous dive. 1In addition, type B cells
appeared to be completely normal, as did the mitochondria, endothelium, and
basement membranes. We found no evidence of basement membrane separation,
degeneration, thickening, or edema. Liver histology appeared to be entirely
normal for both hydrox and heliox dives.

In our studies 26 dogs took part in 31 dives. Of that number only four
died as a result of the dives. Two died during a hydrox dive and two during
a heliox dive. The hydrox dogs died within a few minutes of each other
after 16 h of hydrox exposure. The heliox dogs died within 1 min of each
other after 17 h of exposure at 31 ATA. A thorough study of these fatal-
ities revealed that the same contaminated cylinder of 0y was used to mix
both the hydrox and the heliox used in these dives. A subsequent analysis
of this 0y revealed that it contained hydrocarbons, probably acetylene
which was traced to the gas supplier. Again, there was no indication that
the Hy was the cause of either death.

Since molecular Hy has a specific heat nearly twice that of He, it was
found that animals at 31 ata tended to lose body heat. While this does not
represent a toxic effect in the usual sense, it is important to control
because it can represent a major loss of heat both through the respiratory
tract as well as from the skin. To study this, we developed a temperature
sensor/transmitter (9) which could be implanted in the abdomen of the animal
and would transmit temperature by FM. Fig. 1 reflects the great influence
that ambient temperature has on the core temperature of the animal when
under such great pressure. It can be seen that at 31 ATA in a hydrox
environment ambient temperature must be maintained at around 34°C if the
animal is to maintain a normal core temperature.

A study of the EEG was carried out at depth by means of an implanted
EEG transmitter. This transmitter was self-contained and was potted in a
mixture of bees wax and paraffin wax. Brain leads were implanted and the
wires run under the skin to the transmitter located under the skin of the
chest wall. Most animals showed a slightly changed EEG, but still within
normal limits during compression. The most noticeable abnormalities
occurred during hypoxic episodes at depth.

It is perhaps instructive to consider one of these hypoxic instances.
Using the predive EEG as control the subject showed no apparent abnormal EEG
activity for the first 22 h hydrox exposure, 12 h of which were at 31 ATA.
At this time the animal gradually over 1 h developed opisthotonos,
tachypnea, and apprehensiveness followed by convulsions. At that time, the
0y level had dropped to 0.7% (0.6% is normoxic at 31 ATA). The Oy level was
quickly raised to 1.5% and within a few minutes the convulsions stopped.
The animal recovered from all postural symptoms, although the EEG continued
to show the loss of beta waves. During the subsequent stay at 31 ATA the
EEG gradually returned toward normal. It did, however, reveal a loss of the
superimposed beta band on the delta and theta waves. This activity is
somewhat similar to that observed in humans suffering from HPNS (10). This
animal continued to show an improved EEG until during decompression. When
it reached 19 ata the inspired Oy level again was inadvertently reduced and
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the EEG again became abnormal. When the Oy level was raised, the EEG again
reverted toward normal. It was found that if heliox were being used, the 0y
levels could be held at the normoxic level without causing EEG changes.

This observation raised again the possibility that molecular Hy is mnot
completely inert in the body. Perhaps it should not be considered to be
toxic, but it may have an effect on certain enzyme systems, possibly those
related to cytochrome oxidase.

A 6 yr study was carried out on the possible effects that frequent
exposure to hydrox might have on fertility and fetal development. It would
appear that hydrox has no adverse effects either on fertility or fetal
development. Two female dogs were found to have been about 1 mo pregnant at
the time of their 31 ATA dive. Both delivered a full litter of healthy
pups. Further, nearly all female dogs became pregnant at least once after a
hydrox dive. Two had three litters after four hydrox dives. It also
appears that hydrox diving has little if any adverse effect on the life span
of the subjects. Two of the animals kept after the dives lived to ages 15
and 17 yr, respectively. One, however, died of metastatic breast cancer,
the other of metastatic epithelioma. Both were in good health until late in
the course of the disease. At autopsy, none revealed any neurological
abnormalities.

The large number of successful hydrox dives to a simulated depth of 31
ATA and the survival of some of these animals for a number of years in
apparently normal health suggests that dissolved molecular Hy even at a
partial pressure of 22,853 mmHg (97% of 31 ATA) does not result in identi-
fiable irreversible physiological damage. On the other hand, there are
several indications that molecular Hy may not be completely inert in the
body, particularly at elevated partial pressures. Earlier work by Dole (11)
indicated that at high partial pressures (500 Torr) molecular Hy scavenged
alkyl radicals in polyethylene. Although this pressure is far above that
used in our studies with mammals, a pilot study by Fife (unpublished data)
suggests that the scavenging effect of molecular Hy may occur at pressures
in the range of biological importance. In this study, Fife painted a
carcinogen, methylcholanthrene, on the backs of 10 mice. Five of them were
placed in a hyperbaric chamber and compressed to 10 ATA of 97% Ho: 3% 05.
Each 48 h they were again painted with methylcholanthrene. At the end of 2
wk, all of the control animals that received no Hy showed open lesions. All
of those that received hydrox treatment showed only a dark brown dis-
coloration at the site of the methylcholanthrene, but no open lesions had
developed in any of the treated animals. At the end of 2 wk, one of the
experimental animals died. It was replaced by one of the controls which had
open lesions. Within 5 d these lesions had disappeared, although they
remained in all of the other control animals. She did not continue these
observations to see if squamous cell carcinoma developed. This preliminary
study suggests that molecular Hy scavenged the high energy-free hydroxy

radicals which are produced by methylcholanthrene and many other
carcinogens.

In summary, in our view the overwhelming evidence indicates that Hy is
not toxic to the body at any pressures so far studied. However, there is a
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possibility that molecular Hy does carry out a scavenging activity both on
some metabolic enzymes and probably on high energy free-hydroxy radicals. -
This latter may serve as a protective device against the damage that such
radicals can cause within a cell. In fact, it appears that molecular Ho may
serve as an adjunct to superoxide dismutase normally found in cells.

10.

11.
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DISCUSSION FOLLOWING BRAUER AND NAQUET, AND FIFE PRESENTATIONS

ORNHAGEN: You touched the topic of pH and pH changes. We are fairly well
satisfied that there are no pH changes in the animals we have seen. But

there is another possible effect: 1In food processing you can hydrate
unsaturated fats by exposing them to Hy and catalysts at some 200° C at very
low pressures--1 or 2 bars. I wonder if any of you have heard of any

possible catalytic effects of enzymes in the body activating Hp? If so,
maybe there is a risk of hydration of unsaturated body fats.

FIFE: We didn’t look at fatty acids but only at cholesterol. As you would
expect, the cholesterol levels often went up, but we felt that this was a
response to nonspecific stress and I don’'t think that that would bear at all
on what you are talking about. On that I don’'t have any indication at all.

SMITH: The hydrogenation process is normally carried out at quite high
pressure and also in the presence of very special catalysts. I don’t know
the details of the process but I suspect it’'s quite difficult to get it to
go.

FIFE: There are a lot of enzymes in the body that could perhaps do this. I
think that was your point, Hans. We really haven’'t looked at the enzymes,
and what about the cytochrome A3 and some of the others?

BRAUER: I would suggest that much of what may be affected in the sense that
you are talking about may not show up until much longer exposures than those
we have seen so far. I think we will probably all agree that one of the
early items in any future research program will have to be multiday or
perhaps multiweek exposures to Hy. At that point the sort of question you
are raising here seems to me totally in order. I must admit that I agree
with Professor Smith that the likelihood of my mice, or your monkeys, or
your people getting stiff because their fats are becoming saturated is
really quite small. Less unlikely candidates for enzyme catalyzed hydrogen-
ation effects might be 1lipids in functionally critical sites such as
gangliosides, which are directly involved in CNS function.

MILLER: The rates at which the fatty acids in biological membranes are
coupled with and incorporated into phospholipids and turned over and
metabolized are very high. The body tends to control the degree of satur-
ation in the membranes. Thus, even if there were partial hydrogenation of
fatty acids in lipids, the body could be expected to react to this by
breaking down the lipids concerned and providing a supply of unsaturated
fatty acids to maintain the membrane properties.

ORNHAGEN: Would it be possible to use one of the tools for measuring
membrane fluidity to look upon the state of the membrane?

MILLER: The only way to do that accurately is probably to use gas-liquid
chromatography to analyze the fatty acids.

BRAUER: One of the things likely to get in the way of experiments like that

21



Scanned for the Undersea and Hyperbaric Medical Society by
the Rubicon Foundation (http://rubicon-foundation.org/) with support
from the Divers Alert Network in memory of Dr. Ed Thalmann.

are acclimation phenomena. We shall talk a little bit later about this.
They are quite marked, and they obviously could enter into any adjustments
or displacements such as we are talking about here.

GIRY: I have some information to pass on to you, derived from work of
Dr. Brue as of last week. There is no modification of the 0y metabolism of
red blood cells at 100 bar heliox or hydrox.

LUNDGREN: A remark regarding the flammability of Hy-09 mixtures. Dr. Fife
mentioned in passing that one of the tests to which they put their mix was
to attempt to ignite it by sparks, a thing that could readily be done in
experimental settings. To make such a procedure meaningful it is important
to know that the amount of energy put into that spark is of great importance
for the result. This was brought out in work by Dr. Holmstedtl at the
University of Lund in Sweden. He showed very clearly that some of the
proportions of Hy to Oy in mixtures that have been claimed by others to be
nonexplosive were so only because appropriate means of igniting them were
not used. A clean bill of health can only be given a Hy-0y mixture after
testing it with adequate means of ignition.

GIRY: May we come back to the Michaud experiment. I went through the
protocols of that work and investigated with people who ran the experi-
ments. Alas, the chemist who did the gas analyses died 3 yr ago and there

is no recall. But the man who provided the gas is still alive and has
assured me that there has been no variation in the composition of the Hy
processed since well before the time these dives were performed. I went

back through the protocols and it is my opinion, shared by a number of other
people, that these rabbits which were experimented on in an underwater
pressure chamber died of cold. With heat losses potentiated by the high
heat conductivity of Hy at a partial pressure of 30 bars, and with a
temperature regulated at 20°C in a system in which there was no recorder, it
seems most likely that these animals died of cold.

ORNHAGEN: I recall that in these animals EEGs and ECGs were continuously
recorded. As far as I know nothing was mentioned about artifacts such as
you ought to find as a result of tremendous shivering. If an animal is
freezing to death you expect, at the beginning of the temperature drop,
much noise in both the EEG and the ECG. Why wasn't that mentioned in
connection with these recordings? Moreover, as I shall mention in a
separate presentation a bit later, we dropped the ambient temperatures of

some of our experiments to around 29°C for some hours without any other
effect than shivering.

GIRY: When you conduct high pressure work in which the central nervous
system is affected, let’s say through inert gas narcosis, you may modify
greatly the degree of body restlessness by any kind of shivering. Further-
more, it is well known that when you are intoxicated, shivering tends to be

THolmstedt GS. The upper limit of flammability of hydrogen in air, oxygen,

and oxygen-inert mixtures at elevated pressures. Combustion Flame 1971;
17:295-301.
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suppressed. In my opinion death in this case was modified by the narcosis
that Hy also creates, as well as probably by hypoxia.

BRAUER: Musacchia and others have shown that if you insist on inducing
hypothermia, doing so in high pressure heliox environments, or even in a He
environment at quite modest pressures, often allows you to bring it about
without evoking very pronounced temperature defence, including shivering,
provided you go about it carefully. May I come back to your slide, Bill,
showing the drop of body temperature in your dogs. Perhaps it is in order to
caution you that if you put animals in a temperature gradient (as we are
doing currently to determine preferred temperatures) you will find that deep
body temperatures of mammals tend to be slightly lower at elevated pressures
in heliox than at 1 ATA, provided the animals can choose where they want to
be. I think there is some good theoretical reason why this should be so.
Therefore, the custom that has grown up in the community of heat one'’s
animal chamber until the rectal temperature of one's subject is 37°C or a
bit higher may not be a physiologically sound one.
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SWEDISH ANIMAL EXPERIMENTS USING HYDROGEN-OXYGEN MIXTURES
AT PRESSURES UP TO 6.0 MPa

H. Ornhagen
National Defence Research Institute
Naval Medicine Division
Stockholm, Sweden

In Sweden, the interest in the use of hydrogen as a breathing gas for
diving was initiated by Arne Zetterstrém. However, the tragic outcome of
his last dive in 1945, although not due to the diving gas, resulted in a
termination of hydrox research in Sweden for the next two decades (1-3).
Experimentation was resumed in the late sixties starting with investigations
of the explosion limits (4). At that time plans were also laid for animal
experiments but facilities were not available until 1979. The aim with the
animal exposures was to further investigate the possibility of using

hydrogen-oxygen as a breathing medium in diving before human experiments
were made.

THE CHAMBER SYSTEM

The chamber system had an internal volume of 450 liter and had a
maximum working pressure of 25 MPa. It was supplied by a double mixmaker
capable of mixing 0.5 m3/min of Ny-0p (nitrox) and Hy-09 (hydrox) at
pressures up to 10 MPa. The mixmaker was based on the principle of injec-
tion of 0p at high velocity perpendicularly into a high velocity Hy or N
flow. The system had an external life support system using soda lime,
silica gel, and activated charcoal. The scrubbing capacity was approxi-
mately 1.5 liter COp/h at a Pgo, of 0.5 kPa. To compensate for metabolism
and to increase Py, during decompression, 0o was added into the scrubber

circuit through a stainless steel capillary given a high velocity at small
flows.

A thermistor-controlled water heating system could hold the chamber
temperature at desired levels during periods of stable pressure. During
fast compression temperature increases of 1-2°C were observed.

Drinking water was pumped into the chamber and the overflow was used to
flush excrements and urine into a sewer bowl to be evacuated two or three
times a day. The chamber pressure, temperature, humidity, 05, and COy
concentrations were continuously recorded. The No and Hy contents were
followed by spot samples on the gas chromatograph, and impurities of carbon
monoxide (CO)h methane (CH3), hydrogen sulfide (HypS), and ammonia (NH3) were
checked by Drager tubes every 12 h.

The chamber system was used for rabbits, rats, and mice. All animals
had free access to standard food pellets and water. The rabbits were
individually caged and were fitted with bipolar ECG leads and subcutaneous
temperature probes. The rats and mice were unmonitored. The rats were kept
in groups while the mice were kept individually for urine sampling.

The first part of the compression was made with pure Ny to lower the 0O
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concentration of the chamber atmosphere. At 0.7 MPa (Pg, - 0.03) a 97:3
hydrox mixture was flushed into the chamber at stable pressure. The Hy was
of standard industrial quality and had been produced by electrolysis of
water. When the Ny concentration was below 5%, the outlet valve was closed
and compression was continued with 97:3 hydrox at a rate of 50 kPa/min. At
a Py, of 50 kPa (total pressure 1.7 MPa) the Oy addition was stopped and the
compression continued with pure Hy to a maximum of 6.0 MPa. The total
compression time to 3.0 MPa including a shift of gas from nitrox to hydrox
was 2 h. The bottom times in different exposures ranged from 24 to 155 h.

The decompression profiles displayed in Fig. 1 were originally tested
for rabbits (decompression from 3.0 MPa) and then adjusted for pressures up
to 6.0 MPa, and for smaller animals, rats, and mice according to their
higher metabolism.
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Fig.1 Compression-decompression profiles used in most of the animal
experiments with hydrox. The pressure level at which the

switch to and from hydrox was done is indicated.

The profile had an initial step to 2.6 MPa. It was thereafter linear
to the shift point at 0.7-0.8 MPa and then curved to the surface. The total
decompression time for rabbits was 34 h, for rats 15 h, and for mice 8 h.
Using this profile we saw no decompression symptoms and no symptoms indi-
cating counterdiffusion problems during the shift of gas.

RABBITS

A total of 21 compressions have been made using 32 rabbits. No adverse
reactions like coarse tremor or convulsion were seen during the compression
or bottom phase. A total of three rabbits died at pressure. One death was
due to strangulation in monitoring leads, and two were due to decompression
sickness during use of a shorter table than the one described above. None
of the deaths could be attributed to the hydrox exposure. None of the
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exposed and decompressed rabbits died during the postdive observation period
(1 yr) and two rabbits have given birth to normal litters, one of which
happened after four exposures to hydrox at 3.0 MPa.

Blood samples were drawn from six rabbits before and after hydrox

exposures. No significant changes were observed in electrolytes, blood
enzymes, or hematological parameters (Fig. 2).
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Fig. 2 Mean and SD of pre- and postdive blood samples from six

rabbits exposed to 3.0 MPa hydrox for 24 h.

Continuous monitoring of heart rate and subcutaneous temperature showed
no significant deviation from normal values as can be seen in Fig. 3.

Oxygen consumption and carbon dioxide production measured as changes in
Pg, and Pgp, in the chamber atmosphere were found to be 0.95 and 0.79 1l/kg x
h, respectively on spot checks. This is in the upper normal range (5),
which is probably due to the increased thermal stress seen in hyperbaric
atmospheres. In certain exposures the chamber temperature was purposely
lowered to 30°C to test a hypothesis that rabbits could not survive at this
temperature in hydrox at 3.0 MPa. Shivering and ruffled-up fur were the
only abnormalities observed, and all animals subjected to this procedure
survived.

We have mno proven explanation for the difference in results presented
here and the results previously reported by French scientists (6,7). Apart
from species differences there may also have been variations in suscepti-
bility between different strains of animals. One may also speculate about
differences in gas purity. Gaseous Hy can be manufactured in various ways,
not only through electrolysis of water, but also through cracking of H,
containing molecules or from purification of overflow gas from iron works.
Such overflow gas may contain arsine (AsH3) as a contaminant, in very small

27



Scanned for the Undersea and Hyperbaric Medical Society by
the Rubicon Foundation (http://rubicon-foundation.org/) with support
from the Divers Alert Network in memory of Dr. Ed Thalmann.

[ ]
50 o
AN . S
\ N . . EUS 40
‘T\ ety [\‘// I\"v/"[» e /,/ 30 &
~ S
x 20 o
250 ey
b S R
s 5 ’{&\f\ /AV/ F\ : \\\¢/
T e _
x| A e
g3 -
< 200
- oo i r3.0
Bottom time 24 -48h \ 3
40 |
> 391 PO B S U I U StD S U SE w
o, 3 38 °* ¢ et 3(_1“” r - L5
s @ 374 1 20 9
] 1 g
9 4 7‘1 r 9
a 1 1 r e
E 233 _ 1 L s
— 8 32 A g ‘3"/\'"(\“""(\ A\“I\ Y 1 L 1.0 ‘g
E 31 _X//( ’ TN 2
£ aoJ ¢ L. (&)
o b
|
———r—r—r—r—f T ———— ——— L0
20246810 1086420 10 20 30
Time, h
Fig. 3 Heart rate (x) and body temperature (o) of 14 rabbits in five
hydrox exposures to 3.0 MPa. Chamber pressure (-), chamber

temperature (A), and Pp, (-) are also shown. The
symbols indicate mean values and the bars show one SD.

amounts but enough to reach toxic levels at high pressure and continuous
exposure.

RATS

Three compressions of a total of 30 rats have been made with bottom times
up to 155 h. After decompression, the rats were killed and tissue samples
from heart, liver, testes, and intestines were taken for histological

analysis. No systematic findings indicating any effect caused by Hyp were
found.

MICE

Two compressions of 12 mice were intended for a study of urine metabo-
lites from fast-growing tissue during Hy exposure. Due to difficulties in
separating feces and urine at pressure, no reliable data were obtained. All
animals survived the 24-h exposure at 3.0 MPa and decompression without
visible signs of discomfort or pathological reactions.

CONCLUSIONS

Our findings in rats and mice are consistent with other reports
regarding Hjy exposures of small rodents (8-10) in that no deleterious
effects were observed. We were not able to confirm earlier findings of
deleterious effects of hydrox breathing in rabbits at 3.0 MPa during periods
of 24-48 h. We had no indications of any toxic effects of Hyp at the
pressures and exposure times tested.
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DISCUSSION FOLLOWING ORNHAGEN PRESENTAION
BRAUER: What time of year did you conduct your experiments?

ZRNHAGEN: Early spring. We considered some of the possibilities why our
rabbits survived while the French rabbits didn’t. We had our animals caged
outdoors before they were brought to the laboratory, and as you know rabbits
can adapt very well to subfreezing temperatures. Therefore they might have
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had better temperature compensation than those animals in southern France.
This is of course only a speculation.

BRAUER: Some years ago I had a Canadian collaborator who had been inter-
ested in cold acclimation. He showed very convincingly that rats cold
acclimatized by being kept outdoors during the Ottawa winter were far more
cold resistant than even rats cold acclimated in a refrigerator to the same
mean temperatures. So in your animals the acclimation effect could really
be quite large in terms of metabolic scope, and of nonshivering thermo-
genesis and effective body insulation, even though any effect of denser
pelage in the cold bunnies would probably have been annulled by the high

hydrox diffusibility. It might be worth repeating some of these experiments
with summer rabbits.

FIFE: Does anybody have a feel for what the quantity of heat is that can be
carried off by Hy under pressure vs. Ho under 1 atm, or He for that matter?
Are we talking about a major difference?

BRAUER: The rule of thumb there would be that by the time we are at these
pressures it will be virtually exclusively convective heat loss, a large
part of it respiratory. That will be directly in proportion to the heat
capacity per unit volume times the temperature difference between exhaled
and inhaled gas, and the first term of this in turn is nearly directly in
proportion to the pressure. Thus, at 100 ata you are going to lose about
100 times more heat per breath than at 1 ata. Add to this that, as Brian
showed yesterday, the molar heat capacity of Hy is about 25% greater than
that of He, and you would expect that thermal problems under Hp at a low
chamber temperature would really be quite severe. On the whole I think what
we have heard here tends to support Dr. Giry's judgment that there is an
excellent chance that the results of Michaud and colleagues’ experiments do

indeed represent a consequence of induced hypothermia rather than of any
toxicity of the chamber atmosphere.

MILLER: Dr. Fife’s experiments also suggest the possibility of contami-
nation of a gas cylinder. Even though he put pure Hy into it was there
something else there in the beginning?

RAUER: But that was 0s.

MILLER: Yes, but was there an unexpected contaminant? I guess it will
remain a puzzle until someone repeats the old experiments with the same
results as Michaud and his people.

GIRY: Anyway 1 think that this is useless because now we have human
saturation dives that are using this mixture and have found it to be
nontoxic.

MILLER: Humans aren’t rabbits.
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HYDROGEN: THEORETICAL CONSIDERATIONS

E. B. Smith
Physical Chemistry Laboratory
South Parks Road
Oxford, U.K.

The value of Hy as a gas for use in diving is, and perhaps this hardly
needs stating, entirely determined by its chemical and physical properties.
Hydrogen was first prepared by Paracelsus in the 16th century by the action
of sulfuric acid on iron. However, he failed to recognize that it was not
air, and Hy was not identified until the end of the 17th century when Robert
Boyle observed it flammability, a property that sets well-defined cons-
traints on its uses in diving. Hydrogen is a colorless, odorless gas which,
at 273 K, is the lightest known. Chemically it is fairly inert, combining
at room temperature only with fluorine or chlorine. At elevated tempera-
tures it reacts with other halogens and, of course, O9. Almost all these
facts are relevant to the use of Hy in diving.

EQUILIBRIUM GAS-PHASE PROPERTIES

The density of Hy gas at 1 atm at 298 K is 0.0823 g—L-l. The density
increases approximately in proportion to the pressure at low pressures, but
by 50 ATA deviations from this perfect gas behavior amount of 4%, the
observed density being (unusually for common gases) less than that calcu-

lated on the basis of the perfect gas law. At 200 ATA the deviations reach
some 15% (Table 1).

The low density of Hy gas plays a crucial role in determining respira-

tory resistance. This is largely determined by the larger airways where
Reynolds Numbers as high as 20,000 can be attained under conditions of heavy
work, For the turbulent flow that exists under these conditions, the

resistance is directly proportional to gas density. (This does not rule out
a role for gas viscosity in contributing to respiratory limits.)

A further equilibrium property that is of importance in diving is the
heat capacity at constant pressure. This to a large degree determines the
heat loss that is associated with the respiration of cold gases. For Hy the
value at 1 atm and 298.15 K is 1.18 J K-1 liter-l. This value is consid-
erably higher than that for He which is about as high as that for No. The
thermal problems in diving that occur with He are likely to be even more
serious when Hy is employed (Table 2).
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TABLE 1
The density of hydrogen has in g-liter-l

T (K)
P/atm 273.15 298.15 232.15
1 0.090 0.082 0.076
10 0.89 0.819 0.756
30 2.65 2.43 2.24
50 4,36 4.00 3.37
100 18.45 7.76 7.19
200 12.67 14.64 13.61
Source: Gas Encyclopedia, Elsevier, Amsterdam (1971).
TABLE 2
Properties of Common Gases
Molecular Cp n X 106 K x 103
Weight J K-1 liter-1 «k gm-l s-1 g k-1 npls-l
Hy 2.016 1.18 8.42 170
He 4.003 0.85 18.6 141
Ny 28.02 1.19 16.7 24.3
09 32.00 1.20 18.1 24.6
Ar 39.95 0.85 21.0 16.2

Cp = heat capacity at constant pressure at 298 K and 1 atm;
viscosity at 273 K;
= thermal conductivity at 273 K

=~ 3
|
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The heat capacity per liter increases approximately linearly with
pressure, and the heat capacity per gram (at constant pressure) is almost
constant, lying in the range of 14.2 - 14.5 J k-1 g-- for temperatures
between 273 and 323 K and pressures of up to 100 atm.

GAS TRANSPORT PROPERTIES

Though viscosity is not the determining factor in overall respiratory
resistance, it is important in controlling flow in the narrow airways. To
this extent it may influence the efficiency of respiration. The low
viscosity of Hp can only be beneficial in this respect (Table 2).

The thermal conductivity of Hy is significantly higher than that of He
and much greater than that of Oy and N9. This must add to the problems of
thermal regulation that occur in diving.

DIFFUSION IN FLUIDS

A factor that plays a role in determining the development of the
symptoms of decompression sickness is the rate of diffusion of gases when
dissolved in a fluid. For most gases these diffusion coefficients are
inversely related to the molecular cross section (which can be approximated
by the two-thirds power of the critical volume.) However, in the case of
the lighter gases, He and Hj, anomalously high values are observed due to
quantum mechanical effects that can be related to a parameter, A, which
represents the ratio of the de Broglie wavelength to the molecular diameter.
The value of this parameter is less for Hyp than for He, and the diffusion
coefficient of Hyp in organic liquids is less than that of He despite its
lower molecular weight (Table 3). As diffusion plays a crucial role in
bubble growth it is reassuring that Hy is "more normal" than He and should
produce no unexpected difficulties.

GAS SOLUBILITY
The solubility of a number of common gases including hydrogen is given
in Table 4. Such solubilities play and important role in determining both

the degree to which gases can cause decompression sickness and their
narcotic potency.

The extent to which gases cause narcosis is related to their solubility
in fatty substances. We can characterize the latter more precisely as
solvents whose solubility parameter § (defined § = (-E/V)l/z, where E is the
energy per mole of vaporization as a fluid and V its molar volume) lies in
the range 9-10 call/2 cm-3/2, A suitable candidate for our discussion is
benzene for which § = 9.15 call/2 cm-3/2 and for this extensive solubility
data are available (Table 4). Simple calculations on this basis indicate
that the partial pressure of Hy required to induce narcosis would be some 65
atmospheres. However, at these pressures, the antagonistic effect of
pressure must be taken into account. We have carried out calculations using
the constant volume hypothesis which lead us to predict that the effective
anesthetic pressure will be much higher. We can also approach this problem
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TABLE 3
Diffusion coefficient of gases dissolved in liquids D cmy s-1 x 10%

o* (C4Fg) N2 cc1,P
He 2.67 13.8 20.0
Hy 1.73 8.25 9.75
Ne 0.59 6.35 " 6.3
Ar 0.10 3.8 3.63
N, "0 - 3.40
0, "0 - 3.82

8Powell RJ, Hildebrand HJ. J Chem Phys 1971; 55:9

bNakanishi K, Voight EM, Hildebrand JH. J Chem Phys 1965; 42:860
A¥* =h - h = Planck's constant, M = molecular mass

€ = maximum energy of intermolecular attraction.

oJ/me
TABLE 4
Gas Solubilities
H20 ngng CC6H12 CC14 C6H6 C32
He 0.068 3.10 1.21 - 0.79 -
Ne 0.082 4.6 1.90 - 1.07 -
Hy 0.142 7.83 4.14 3.19 2.58 1.59
Ny 0.119 - 7.70 - 4.48 2.22
09 0.231 28.1 - 12.0 8.15 4.42
Ar 0.254 29.1 15.2 13.4 8.8 -

Data taken from Hildebrand, Prausnitz, and Scott, Regular and Related
Solutions. ©New York, Van Nostrand Reinhold Co., 1970.
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without invoking a detailed model of pressure-anesthetic antagonism by
calculating the composition of the He-Ny mixture that would be expected to
have a narcotic potency equivalent to that of Hy. The results suggest that
Hy should behave like a 50% He:50% Ny mixture. Such a mixture would be
expected to lead to narcosis at approximately 200 m, and indeed, narcosis,
as will be discussed later, has proved a problem in Hy diving. Simple
calculations and animal experiments suggest that a mixture of 20% N,:80% He
would be optimum in trimix diving (practical observations with men, where
more subtle manifestations of narcosis are involved, would suggest an even
lower concentration of Nj). Calculations on the same basis would indicate
that a 40% Hy:60% He would be the optimum mixture for animal studies. A
lower concentration of Hy might be optimum in diving.

In reviewing the properties of Hy I have tried to make general comments

as to the expected consequences for diving practice. The degree to which
experience supports these conclusions will be the subject of the papers that
follow.
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HYDROGEN AS AN ANESTHETIC GAS: APPROACHES TO PREDICTING
SUITABLE HYDROGEN-HELIUM MIXTURES FOR DEEP DIVING

K. W. Miller
Departments of Anesthesia and Pharmacology
Massachusetts General Hospital and
Harvard Medical School
Boston, MA 02114

INTRODUCTION

In the late 18th century, Sir Humphrey Davy noted that "there was every
reason to suppose that hydrogen was not adsorbed or altered when respired;
but only mingled with the residual gases of the lungs." (2). Although the
accuracy of this statement would undoubtedly be challenged today, it is not
a bad first approximation. Hydrogen is one of the least soluble gases; only
helium and neon excelling it in this respect (see preceding chapter)
Indeed, once the limitation to deep diving imposed by nitrogen narcosis was
recognized, these were the gases to which people turned in search of
physiologically inert diluents to be mixed with oxygen for deep dives.
While in the United States Hildebrand advocated helium, in the United
Kingdom, which lacked a strategic source for this gas, Haldane advocated
hydrogen. In spite of his advocacy, most subsequent workers have shunned
the wuse of hydrogen in both deep diving and laboratory studies. However,
as dives with helium-oxygen were pushed to ever greater depths, a mnew
phenomenon emerged. This was a hyperexcitability of complex etiology that
is now known as the high pressure neurological syndrome (HPNS).

It is well known from work on aquatic animals and on liquid-breathing
mammals that pressure per se causes such excitation. What is less clear is
the extent to which relatively insoluble gases such as helium and hydrogen
modify the effects of pressure. Thus, in a recent study, Harris et al. (4)
showed that in dogs exposed to helium-oxygen or to an oxygenated fluoro-
carbon liquid while being compressed to a 1000 m of sea water "helium did
not play a significant role in the etiology of HPNS." The question to be
addressed here is: Does hydrogen merely act as a pressure-transmitting
fluid like helium or as a narcotic gas like nitrogen? This question will be
approached from the viewpoint of small animal research; experience with
human diving will be presented by others later in this publication.

SMALL ANIMAL WORK

Because of the need for complex behavioral experiments to study subtle
changes of the sort associated with inert gas narcosis, the work presented
here will deal with general anesthesia in small animals. 1In general, it has
always been observed that gases that cause anesthesia cause narcosis (e.g.
nitrogen), whereas gases that do not cause anesthesia do not cause narcosis
(e.g. helium). The work summarized here is not intended to provide a
comprehensive review, but to present general principles.

The first comparison of the effects of hydrostatic pressure and
hydrogen pressure was carried out using newts (Triturus cristatus carnifex)

in small compression bombs (7,8). The data are presented in Figure 1.
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Hydraulic compression causes loss of righting reflexes secondary to
pressure-induced paralysis with onset at 140 atmospheres. At 200 atmos-
pheres, paralysis is almost complete, whereas in hydrogen-oxygen (the
partial pressure of oxygen was one atmosphere) only an insignificant loss of
righting reflex was observed, suggesting that hydrogen exerts some pro-

tecting effect against pressure. However, mno sign of anesthesia was
reported. The data for helium (not shown) lie between the two curves in
Fig. 1.
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Fig. 1. A comparison of the effects of hydrostatic
pressure (open circles) and of hydrogen
pressure (closed circles) on the ability of
newts to right themselves. Loss of response
was caused by paralysis (7,8).

A much more definitive resolution of hydrostatic pressure effects from
inert gas effects had been made recently using tadpoles (3). In these
studies, the latent anesthetic effects of gases were revealed by studying
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them in the presence of a second anesthetic. Figure 2 shows that even
helium has anesthetic tendencies!
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Fig. 2. The effect of pressure on a fixed anesthetic concen-
tration. The mean loss of rolling response in animals

exposed to 0.14 mM-octanol (triangles) or 24 mM-urethane
(circles) drops from 100 to 25% with the application of
110 atmospheres of hydrostatic pressure. The isobar
switching of hydrostatic to helium pressure increased
mean loss of rolling response to 86%, revealing the
hidden anesthetic potency of helium. Each point repre-
sents the mean response of five animals. Reproduced
from (3) with permission.

The experiment was conducted in a small pressure bomb as follows.
Anesthesia was induced either with 24 mM-urethane or with 140 uM octanol,
doses in each case just sufficient to induce 100% loss of rolling response
at ambient pressure. When these animals were compressed mechanically to 110
atmospheres, anesthesia was reversed (Fig. 2) and the mean loss of rolling
response fell to 20%. Helium was then admitted to the chamber wunder
isobaric conditions. Approximately 1 h was required for the helium to
dissolve in the aqueous phase. During this period, anesthesia deepened
progressively until a plateau was reached with 80% mean loss of rolling
response. This is consistent with helium possessing a weak anesthetic
effect. The magnitude of this effect can be quantified by determining the
concentration-response curve for urethane anesthesia under wvarious
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conditions. Examples are shown in Figure 3. Here, we see that hydrostatic
pressure causes a shift of the control 1 atmosphere curve to the right;
there is about a twofold shift at 110 atmospheres. This is the well-known
pressure reversal of anesthesia effect. What is not so well recognized is
that helium does not cause such a marked pressure reversal (dashed curve).
Thus, helium is an anesthetic, but we never observe anesthesia with it
simply because as we raise its partial pressure to dissolve more helium we
also raise the hydrostatic pressure. It is the latter’s anesthesia-rever-
sing ability the predominates. However, nitrogen behaves as expected,

shifting urethane’s EDgy to the left and, furthermore, causing anesthesia
all by itself at 41.5 atmospheres.
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Fig. 3. Accumulative dose-response curves for urethane-induced loss of

rolling response. The data were obtained under control conditions
of 1 atmosphere of pressure (semisolid circles), 110 atm of
hydrostatic pressure (open circles), 110 atm of helium (tri-
angles), and 30 atm of nitrogen (squares). The greater degree of
rightward shift by hydrostatic pressure as compared to helium is
consistent with helium possessing an intrinsic anesthetic potency.
The lines were drawn by eye. Reproduced from (3) with permission.

Given that helium modifies the effects of pressure per se, the next key

question is: How does hydrogen behave? By two criteria, it is a weak
anesthetic.

First, if we plot out the EDgsgs for urethane (on a normalized scale,
Fig. 4) we see that hydrostatic pressure produced the greatest reversal of
anesthesia with an 107% increase in the ED5g of urethane at 110 atmospheres.
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The gases all attenuate the ability of pressure to reverse anesthesia. The
strength with which they do so increases with their lipid solubility. Thus,
at the same pressure, helium increased the Ed 50 of urethane by only 46%,
whereas neon failed to produce a significant change (P = 0.05) from the 1
atmosphere base-line EDgy of urethane. At 110 atmospheres, the hydrogen-
induced decrease in EDgg of urethane was minimal (significant at P = 0.05
but not P = 0.01). Nitrogen and argon both acted additively with urethane,
decreasing the EDgqg of urethane 26 and 37% at 30 and 20 atmospheres,
respectively. The pressures of nitrogen and argon that could be studied
were limited by their own anesthetic effects. 1In the absence of any other
anesthetic, they caused loss of rolling response at median pressures (EPgg)
of 42 and 24 atmospheres, respectively (Table 1). These values are somewhat
higher than those reported for newts (8) but comparable to those reported
for mice (10,12).
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L
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Fig. 4. The ability of mechanical compression and the gases to
change EDs5y of urethane. The EDs5ps of urethane for each
pressurizing agent are expressed as a function of
increasing pressure by the ratio (EDs5gp at pressure/EDsg
at 1 atm-+) Reproduced from (3) with permission.

Second, when each of the agents in Fig. 4 was studied in the absence of
urethane, we observed a loss of rolling response in all cases, except neon,
where the maximum working pressure was limited to 120 atmospheres (Table 1).
Hydrostatic pressure caused complete loss of rolling response in all cases,
except neon, where the maximum working pressure was limited to 120 atmos-
pheres (Table 1). Hydrostatic pressure caused complete loss of rolling
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TABLE 1

The ability of pressurizing agents to cause loss of rolling response

Pressuring Agents EPgg (atm) Slope of Dose- Number of
Response Curve Animals

Hydrostatic 137 + 2.2% 28 + 8.6% 50
Helium 172 + 3.1 20 + 5.5 50
Neon Not determined (No effect at 120 atm)
Hydrogen 198 + 12.5 6.9 + 3.6 30
Nitrogen 41.5 + 3.4 4.5+ 1.1 55
Argon 24.4 + 2.6 4.0 + 1.2 50

* Values are means + SD.

response by 160 atmospheres, with an EP5p of 137 atmospheres. This is in
the range observed with newts 4 (7) and can be unambiguously assigned as a
pPressure-induced paralysis effect. As with other species, nitrogen and
argon both cause anesthesia in tadpoles (see above) with the slopes of the
pressure-response curves of both nitrogen and argon not significantly
different from, that of the anesthetic urethane (P =0.05). Both gases also
reduced the EDgy of urethane (Fig. 4).

The effect of helium alone is to cause loss of rolling response with
and EP5g of 172 atmospheres, 35 atmospheres higher than that for hydrostatic
pressure and in the same pressure range as the helium-induced paralysis in
newts (7). The slope of the dose-response curve of helium is greater than
that for the anesthetic gases (P < 0.001) and similar to that for hydro-
static pressure (Table 1).

We noted a mean loss of rolling response of 62% at the maximum pressure
of 220 atmospheres of hydrogen and calculated an EPgg of 198 atmospheres
(Fig. 5). On the basis of both, the slope of this dose-response curve and
the slight additivity with urethane-induced anesthesia, hydrogen appears to
have a net anesthetic effect. Conversely, we can conclude that hydrogen
succeeded in postponing the paralyzing effect of pressure to well beyond 200

atmospheres, a performance unequalled by any single gas we have examined to
*date.

How do the data with small mammals compare the those for amphibians?
There are two studies in which mice were exposed to pressures of over 100
atmospheres of hydrogen. Both concluded that hydrogen was an anesthetic.
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Fig. 5. High pressures of hydrogen cause loss of rolling response (equiv-
alent to loss of righting reflexes). The slope of the pressure-

response curve suggests this is due to anesthesia rather than to a
pressure per se effect (Table 1).

In the first, Brauer and Way (1) determined that the righting reflex
was lost at 129 atmospheres of hydrogen compared to a value of 32 atmos-
pheres for nitrogen. They confirmed these values by studying the additivity
of hydrogen-nitrogen mixtures. In the second study, Kent et al. (6)
measured the EDgy of nitrous oxide as a function of the pressure of helium,
neon, and hydrogen. Hydrogen was clearly synergistic with nitrous oxide,
whereas neon, weakly, and helium, more strongly, antagonized nitrous oxide
anesthesia. Their highest pressure in the presence of hydrogen was 100
atmospheres and they estimated hydrogen to have an anesthetic potency of 180
atmospheres. Their anesthetic potency for nitrogen was 39 atmospheres (12).

THE UNCERTAINTY IN HYDROGEN'’S ANESTHETIC POTENCY

In summary, in newts no anesthesia was reported at the maximum pressure
of 204 atmospheres (8) whereas in tadpoles at a similar pressure over half
the animals were anesthetized (3). This discrepancy occurs in spite of the
fact that nitrogen is more potent in newts than in tadpoles. A similar
uncertainty is seen in the data for mice where the estimates of potency
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differ by some 50 atmospheres. 1In the case of mammals this could be due to
the experimental difficulties of maintaining optimum conditions under such
high pressures of gas. For example, Brauer and Way (1) maintained their
chamber at 32 + 2° C, whereas Kent et al. (6) reported that in hydrogen at
100 atmospheres the chamber needed to be at 35-37° ¢ in order to maintain
rectal temperature at 37° C. However, this is an unlikely explanation for
the observations in amphibians, suggesting there may be a more fundamental
reason for the variability of hydrogen’s anesthetic potency. Theoretical
studies support this contention.

THEORETICAL CONSIDERATIONS AND PREDICTIONS

Our current understanding of the central nervous system does not
provide an adequate framework for a detailed understanding of the physio-
logical mechanisms underlying the actions of anesthetics or pressure.
Nonetheless, certain theoretical models have proved reasonably successful in
predicting the combination of mechanical pressure and inert gas partial
pressure which will produce a given physiological end point. Such models,
which we will call null models, get around our ignorance of the physiology
by only considering animals in a given physiological state. They are
useful, for example, for projecting at what combinations of hydrogen,
helium, and pressure inert gas narcosis will occur, but they make no
contribution to our understanding of the underlying physiology.

One such null model that has been successfully used to describe this
interaction is the critical volume hypothesis in which anesthesia is said to
occur when the absorption of an inert substance causes hydrophobic regions
of an excitable membrane to expand beyond a certain critical volume.
Pressure counteracts this expansion, thus reversing anesthesia (8). The
relative expansion of the hydrophobic region at any pressure of an anes-
thetic gas, P,, can be expressed as

AV = Vy-P,-Vy-1.B.p, (1)

Vm is the molar volume of the site of action and B its isothermal compress-
ibility with units of (pressure)-l. Vo, %, and P, are the partial molar
volume, the mole fraction solubility at 1 atmosphere partial pressure, and
the partial pressure, respectively, of the inert gas used as Pressurizing
agent. When numerical calculations are carried out it is easy to correct
for deviations both from ideal gas behavior and from Henry'’s Law (8,10).

This is an advantage over empirical equations based on the concept of linear
additivity,

The hypothesis assumes the critical relative expansion, AV.,, under
those conditions causing anesthesia in half the animals should be a constant
independent of pressure in the range studied.
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For current purposes, it is sufficient to note the following:

1. The first term in equation (1) predicts the extent of the volume
increase caused by any gas dissolving at its site of action. The
magnitude of this effect is proportional to the gas’'s lipid
solubility, x.

2. The second term in equation (I) defines the extent to which
hydrostatic pressure compresses the same site. Since studies have
shown that the compressibility of the site mediating general anes-
thesia is 3.0 x 10-° per atmosphere (10), this site will be
compressed 0.6% at 200 atmospheres in the absence of gas. Figure
6 illustrates this schematically. If a gas is present this volume
decrease will be attenuated. With neon, which is a little more
soluble than helium, the two effects roughly balance, but with
hydrogen, which is more soluble still, the net effect is now
expansion because anesthesia occurs. The important point to grasp
is that the net effect of these sparingly soluble gases in this
model is the difference of two terms of comparable magnitude.
Thus, small changes in the physical parameters in either of the
two terms in equation (1) will have a dramatic effect on the net
volume change. This provides a rationale for the relative uncer-
tainty in the anesthetic partial pressure of hydrogen.

PREDICTIONS FOR HPNS

The formalism of the critical volume hypothesis can also be applied to
the HPNS (11). It then states that for a given HPNS end point the symptom
occurs when some hydrophobic region is compressed beyond a certain critical
amount by the application of pressure. Absorption of the inert gas or gases
dissolved in a nonpolar medium always cause expansion, thus raising the
pressure for appearance of the symptom (Fig. 6).

Similar considerations to those in the previous section explain why, in
spite of its net anesthetic effect, compression with pure hydrogen also
leads to HPNS in primates and mice (Brauer this volume). This follows from
the fact that Miller et al. (10) showed that general anesthesia and the HPNS
are mediated by different sites. The compressibility for the site mediating
HPNS was much higher than for that mediating anesthesia. Using these
figures we can calculate that at 200 atmospheres the net volume change is
given by [(compression due to hydrogen dissolving) - (compression due to
hydrostatic pressure)] = (net volume change), is (1.72-0.60) = +1.12% for
the general anesthesia site and is (1.72-2.78) = -1.06% for HPNS (convul-
sion) site. Both these volume changes exceed their respective critical
volumes; that is, a mouse at 200 atmospheres of hydrogen would be exper-
iencing hyperbaric convulsions even though it was anesthetized. This is not
a new situation; it has been explored in some detail in the case of helium-
nitrogen mixtures (1,9,11).
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The predictions of the critical volume hypothesis for mice exposed
to 200 atmospheres of hydrogen. A: The site for general anes-
thesia is compressed 0.06% by 200 atmospheres but the hydrogen
dissolving at this partial pressure causes and expansion of 1.72%.
The net volume change is thus +1.12%, which just exceeds the
expansion required to cause anesthesia (i.e., the critical
volume). B: The site for HPNS is more compressible than that for
general anesthesia and is compressed 2.78%, but it has roughly the
same solubility properties so is also expanded by 1.72%. The net
effect is a compression of 1.06%, which just exceeds the critical
decrease in volume required to cause HPNS. [For details see

(10,11).] Benzene was used to stimulate the solubility of both
sites.
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An important corollary of this discussion is that the use of hydrogen
as a gas is neither more nor less pharmacologically advantageous than the
equivalent mixtures of helium and nitrogen (trimix). There may well be
other advantages in respiratory properties, avoiding decompression, problems
with mixtures, cost, and so on, but the fundamental limitations of inert gas
narcosis and HPNS remain. Hydrogen is probably the gas of choice when a
single gas is required, but its pharmacology does not differ from the other
gases. In all cases there will be a limiting pressure beyond which it will
not be possible to proceed without encountering both inert gas narcosis and
HPNS simultaneously (9,11).
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Fig.7. The ability of some gases and their mixtures to cause

either general anesthesia (solid lines) or complete
spasms (broken lines) has been calculated (11) with the
corrections described previously (8,9). The expansion
has been normalized to a percentage of the respective
critical volumes. Parameters for the calculations have
been given (10). Reproduced from (11) with permission.

SOME SPECIFIC PREDICTIONS

Theoretical calculations of the behavior of hydrogen are subject to
large errors in the predicted pressure of anesthesia and the HPNS because
the critical volume is achieved as the balance of two large opposing
effects, as discussed above. Within these limits, however, the behavior of
a number of gases and mixtures has been characterized in Fig. 7, in which
the net volume change as a percentage of the critical volume for anesthesia
and complete spasms (the earliest manifestation of HPNS in mice that is
easily quantifiable) have been calculated as a function of pressure. The
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results are in general agreement with the small animal data summarized
above. The relative potency for causing HPNS is, in descending order,
hydrostatic pressure, helium, neon (not shown for clarity), and hydrogen.
The model also shows that the addition of two and a half times (in percen-
tage terms) more hydrogen than nitrogen to helium produces equivalent
mixtures for the postponement of complete spasms. So, one would predict
that since 5-10% (by volume) nitrogen in helium is a useful mixture for the
deepest human dive, 12.5-25% (by volume) hydrogen volume would also be
beneficial. As more data for hydrogen gas narcosis in man becomes available
these predictions could be improved. The range of mixtures that would avoid
both narcosis and HPNS becomes smaller as pressure increases (9,11). Much
larger percentages would be acceptable at lower depths. The advantage of
hydrogen-helium mixtures would be a probable further reduction in flamma-
bility relative to undiluted hydrogen and a reduction in respiratory load
relative to helium-nitrogen mixtures. We emphasize finally that the anti-
HPNS efficacy of hydrogen would be no different from that of nitrogen; it is
simply less potent, thereby allowing a greater dilution of helium. Thus the
ultimate attainable depth will not be altered unless respiratory load proves
limiting in practice.
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HYDROGEN NARCOSIS IN MAN

X.R. Fructus
COMEX, S.A.
Marseilles, France

Until 1983 no one had ever been in a position to observe Hy narcosis in
human beings because the H) partial pressure of the diving gas breathed by
Zetterstrém, Edel, Fife, Delauze, and Bargiarelli was not high enough for
the psychotropic effect of the Hyp to be perceptible. Brauer’s research on
mice, however, demonstrated that Hy did have a narcotic effect on mammals.

OBSERVATIONS

In November 1983 our Hydra IV experiment consisted of heliox saturation
with stops at 120, 180, 240, and 300 and, on ascent, at 150 msw, during
which 6 subjects (3 professional divers, 1 engineer and 2 physicians)
breathed various Hy mixtures in the dry (30 min) under a Plexiglass dome and
in the water (40 min). (See our report, EUBS Congress, 1984).

The first, very slight symptoms of narcosis became perceptible at 120
msw, with a (Pyg, = 12.7 bar), to 2 of the 6 divers. At 180 msw (Py, = 18.6
bar) 2 divers had insignificant signs of narcosis and the other 4 more or
less definite symptoms. At 240 msw (Py, = 24.5 bar) the picture of Hjp
narcosis becomes clear and more or less complete, depending on individual
variations. At 300 msw with the PH, reduced to 20.75 bar trimix with Hy

74%, He 24%, Oy 2%), the average degree of narcosis dropped noticeably in
all the divers.

During the ascent, at 150 msw, with a Py, of 15.7 bar, the 3 profes-
sional divers exposed for 2, 4, and 6 h, respectively, felt absolutely no
difference between hydrox and heliox.

PICTURE OF SYMPTOMS

If we refer to the self-observation reports of the divers at the depth
and PH, (240 msw - Py, = 24.5 bar) at which the psychotropic effect of
hydrogen manifested itself the most fully, we can say that hydrogen narcosis
is characterized chiefly by sensory and somesthetic hallucinations which are

accentuated by relative sensory rest of RSR and affect mood more than
intellect.

Substantial variability occurred in these disorders among the different
subjects, as can be seen in Table 1.

NARCOSIS SCALE

The degree of narcosis for which we have established a scale depends on
the intensity, the associations, and particularly on the impact on behavior
of the Hy effect. We have tried to make the scale as simple as possible,
and not descriptive (unlike Edmonds’ Ny narcosis scale) but pragmatic. It
has 4 degrees which can be subdivided.
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TABLE 1

Divers: 6. Depth: 240 msw. Pyo: 24.5 bar.

Divers affected
(out of 6)

1. Sensory hallucinations

Gustative: taste of metal or chlorine
Auditory: sounds more intense, sometimes indistinct 3
Visual: 1light, more vivid (dazzling), colors tending

N

toward orange 3
Tactile: cutaneous hypoesthesia, + diffused 4
Hyperesthesia of the fingers 1
2. Somesthetic hallucinations
A. At exercise
Diffused warm flushed feeling 3
Easy muscular effort, without fatigue 4
B. In RSR position
Disorientation, vertigo (sometimes nausea) 3
Distortion or loss of sense of bodily arrangement 3
3. Intellect and behavior
Mental dispersion, interior dialogue 2
Instability, agitation, or impairment of alertness 3
4. Affective components
Impression of increased muscular strength and endurance 3
Variable euphoria or well-being 3
Displeasure, anxiety about losing self-control 2
5. Other effects
Tendency toward drowsiness 2
Breathing lapses! 1
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Grades of narcosis:

- Not perceptible

- Barely perceptible

Slight and controllable

- Apparent and capable of affecting behavior
- Incapacitating, evolutive and dangerous

SN O
'

SPECIFIC CHARACTER OF HYDROGEN NARCOSIS

We observed that the difficulties experienced by the diver are more or
less acceptable, depending on the intensity of the combined effects. With
degrees 1 and 2 they tend to be associated with euphoria, whereas at degree
3, self-control requires a mental effort which is disturbing or even

agonizing. Finally at degree 4 we observed the case of a diver who, at
relative sensory rest went rapidly from euphoria to sleep with breathing
lapses!

It seems clear that while Hy narcosis is not very disturbing at degrees

1 and 2, it is compatible neither with normal activity nor with the safety
of the diver at degrees 3 and 4.

The "hydrogen effect" differs from the "nitrogen effect." Except in
the final phases of drowsiness and loss of consciousness (a stage fortun-
ately precluded in experimental conditions and, a fortiori, in operating
conditions) Hy behaves like a hallucinogen, perceived with a certain degree
of lucidity and having little effect on reasoning power.

Nitrogen narcosis affects the intellect more and at the same time
intensifies affectivity. We might say the "rapture of the deep" is com-
parable to alcoholic intoxication, whereas H)y hallucinosis seems to be
closer to the effects produced by LSD or mescaline (Annex 1).

The ratio of narcotic potency of the two gases appears to be quantified
by virtue of concordant approximations substantiated by psychometry. Using
our scale of degrees of narcosis as a reference, we estimate the narcotic
potency of Hy to be around 25% of the N.P. of Nj.

CONCLUSIONS

Hydrogen narcosis appears to be the primary deterrent to the use of
pure hydrox for deep diving, for with this binary mix it would be hard to go
beyond a depth of 160 msw.

But the "hydrogen effect" is neither absolute nor without usefulness,
for two reasons:

1. As we shall demonstrate in our following paper, the hydrogen
effect depends on the ambient pressure, which seems to act as an
antagonist of narcotic potency;

55



Scanned for the Undersea and Hyperbaric Medical Society by
the Rubicon Foundation (http://rubicon-foundation.org/) with support
from the Divers Alert Network in memory of Dr. Ed Thalmann.

2. The narcotic potency itself acts as an antagonist of the high
pressure nervous syndromes, as is shown by our Hydra V experiment,
the results of which we would like to present to you.

Gas narcosis characters:
NITROGEN (Edmonds et al.) HYDROGEN (COMEX)
INCREASING MENTAL IMPAIRMENT

with increasing depth, i.e., with increasing H) partial pressure
nitrogen partial pressure (different from depth)

INDIVIDUAL VARIATIONS
marked less marked in professional divers
DEVELOPMENT OF TOLERANCE
noticeable not evident up to now
NARCOSIS DEVELOPS WITHIN MINUTES OF REACHING

the bottom the maximum Hy partial pressure and
is not further progressive with time

RESIDUAL EFFECT

No (?) Yes (+)
RECOLLECTION
very little and poor copious and vivid

NUMERIC EVALUATION

Martini Law COMEX Law
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DISCUSSION FOLLOWING PRESENTATIONS BY SMITH, MILLER, AND FRUCTUS

FIFE: I wonder if this diffused flushed feeling in the skin with hydrogen
is due to vasodilation of the skin? Do you know the mechanism, Dr. Fructus?

FRUCTUS: No, this is a clinical and subjective impression.

LUNDGREN: It is fascinating to hear about this difference between the two
gases in terms of the type of anesthesia they induce. I would like wvery
much to hear any speculation as to why that would be. However I would also
like to point to some similarities. These, to the best of my knowledge,
came out only with the work of Dr. Adolfson who took some of us to 120 m on
air. In some of these subjects both auditory and visual hallucinations were
very vivid just as described in some of Dr. Fructus’ work. Maybe one of the
reasons that we haven’'t seen much of that in connection with nitrogen is

that very few people have used sufficiently high pressures in laboratory
studies.

SMITH: If there really was a fundamental difference in the narcosis between
these gases this would have such enormous implications for theories of
general anesthesia that the effect would really be quite profound. One has
to wonder whether there isn’t some HPNS mixed in with the narcosis at these
high pressures. Until one has ruled out that explanation it is really hard
to speculate further.

ORNHAGEN: We have had 3 subjects exposed to hydrox at 120 m, and we had the
same story told to wus. The narcosis was "different" from what they had
experienced in air. We started to speculate a little on what this could be
and we came to the conclusion that these divers were in a very new situ-
ation, an experimental dive, they had never experienced hydrogen before, and
they showed some excitement in the face of this situation. After they had
experienced narcosis and they both found that they could cope with the very
light narcosis, they felt very much at ease and this might have influenced
their interpretation. I mean, in our hydrogen dive a slight narcosis was
the only thin causing them trouble while at pressure. Compressed air
narcosis on the other hand comes with dense gas and maybe other problems
that make the situation less pleasant.

BRAUER: It seems to me that the striking phenomenon before us is that both
in your group, Hans, and your group, René, the divers themselves commented
on the profound difference of the narcosis they perceived in hydrogen as
against the nitrogen narcosis they were familiar with. Now one of the
possibilities is clearly the one that you have mentioned, that nitrogen
narcosis is something that most divers experience when they are very wet,
have gone deeper than they ought to have, and there are all kinds of reasons
for perceiving that they are in a threatening situation. So far as I know,
and perhaps René, you may have something to add to this, we do not have what
I think would be the only valid control experiment for what has been seen in
these test dives: Namely, the experience of nitrogen narcosis using N
partial pressures isonarcotic with the hydrogen at the same high pressures
attained in Hydra IV, and perhaps V, so that we may see the effect, if any,
of HPNS effects overlying the nitrogen narcosis in the same kind of non-
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threatening chamber environment. Some such experience may of course have
been gained in the Duke Atlantis dives, but I am not sure whether we could
compare those.

FRUCTUS: 1In the Atlantis experiments nitrogen concentrations weren't high
enough to produce narcosis. We likewise didn't see any sufficient degrees
of narcosis in our own trimix dives. Perhaps Dr. Youngblood may have
something to add to that. He has been studying this.

YOUNGBLOOD: There is an observation that was not reported. Way back in the
early rapid compression trimix dives at Duke we did a 1000-ft dive at a
rapid compression rate (33 min), and compression HPNS was very marked. The
atmosphere contained in excess of 10% nitrogen. Although the psychometric
tests did not show it and the published papers failed to report it, I was on
the dive, and at least 1 of the 4 divers reported to me later that he
experienced hallucinations very similar to those Dr. Fructus mentioned. An
interesting aside in this particular diver, again known to me only later,
was that he was one who frequently used marijuana. This makes one wonder
about these sensations: Could it be that one conditions oneself for
different types of expression of what are perhaps the same pharmacological
effects, giving different subjective interpretations to them?

EDEL: I know it is disturbing to think that two different types of narcosis
should be manifested by two gases, but I thought that maybe I could muddy
the waters a little further by speaking of three different types of nar-
cosis. I have never had a hydrogen narcosis, but in one set of experiments
we were making deep dives on helium and trying to make the shift to nitrogen
as deep as we could to accelerate the decompression. I became very familiar
with what I used to refer to as the "narcotic shock" of the shift from

helium to the nitrogen narcotic effect. On one occasion I shifted to argon
at a shallower lever, and in my recollections the effects of this were quite
different from the nitrogen narcosis. In the nitrogen narcosis I was

usually quite uncommunicative, while in the argon narcosis I couldn’t be
stopped from talking. Again, in the case of nitrogen narcosis, when I was
tired from working long I really didn’t notice any effect after the shift to
the gas. In the case of the argon, before shifting I felt tremendous
fatigue, as if I couldn’t even lift my arm because of the workload, while
after switching to the argon I could move in any direction and without any

feeling of fatigue. I just wanted to throw that in to complicate things a
bit further!

YOUNGBLOOD: One more observation, again one which we could not measure
quantitatively. We had learned from the Atlantis series where the divers
kept a log that on the trimix they had vivid dreams and nightmares. Perhaps
these are merely a form of hallucination when less cortical control is
exerted.

MILLER: It is well known that in behavioral studies it is very important to
have exceedingly well-controlled experiments that would have to be done in a
double blind fashion. The only diving experiments that may have been done
like that were the ones that Lambertsen and colleagues tried, where they
switched gases.
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LUNDGREN: I would like to take this very brief moment to reemphasize what
the chairman already said. It is probably extremely important to look for
likenesses before we look for differences in these narcotic effects as long
as we are to honor some idea of a common mechanism. In regard to what we
have just heard about argon and nitrogen being different, one has to be
concerned about dosage effects. 1In addition, I can think of more than a few
people who would react very differently to different doses of alcohol, quite

along the lines that Mr. Edel described, and yet it is obviously always the
same stuff!

SMITH: If one looks at hyperexcitability caused by an anesthetic, and at
what occurs under the conditions under which the diving experiments were
done, one would conclude that they behaved in very different way. However,
in very controlled experiments to look at the excitement caused by different
anesthetics, one finds that it is in fact very reproducible and that the
maximum effect occurs at roughly one-third the anesthetic dose. I would
certainly endorse what Dr. Lundgren has said: It is only by controlled
experiments that we can be certain that we are really dealing with funda-
mental differences. I think we could learn an awful lot about hydrogen
narcosis and the mechanisms involved by studying a series of appropriate
hydrogen-nitrogen-helium mixtures, because now we can match various proper-
ties other than the density, and the results could help up to discover how
narcosis is affected by variations in the total pressure and in gas density.
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HYDROGEN NARCOSIS IN MAN: PSYCHOMETRIC STUDIES

M. Carlioz
COMEX
Marseilles, France

C. Lemaire
Octares
Marseilles, France

H. Ornhagen
National Defense Research Institute
Naval Medicine Division
Stockholm, Sweden

Psychometric studies on hydrogen narcosis in man were carried out
during three human experimental dives: Hydra IV, Hydrox A, and Hydra V.
The characteristics of these dives are described in Table 1.

PSYCHOMETRIC TESTS

The psychometric tests used during these experiments were easy to use
in a hyperbaric context and several of them had been used previously by
Adolfson (1), Bennett and Blenkarn (2) for studying nitrogen narcosis, or by

Bennett and Towse (3), Bennett et al. (4), and Lemaire (5) for studying
HPNS.

Psychomotor Test

Manual dexterity (MD): The subject must insert 50 brass pegs in holes in a

board as quickly as possible. The number of pegs inserted per minute is
recorded.
Visual choice reaction time (VCRT): Reaction time measurement after light

stimulations with choice in the response between 2 (2-VCRT) or 4(4-VCRT).

The reaction time in milliseconds and the number of errors made are
recorded.

Standing Steadiness: Recorded by means of a statometer, recorded during
periods when eyes are open and closed.

Cognitive Tests

Multiplications test (M): The subject is asked to perform a maximum number
of multiplications in 2 min. The number of multiplication solved in 2 min
and the number of errors made are recorded.

Number similarities test (NS): The subject is asked to identify differences
in series of numbers during a period of 1 min. The number of figures
examined and the number of error made are recorded.

Paced auditory serial addition test (PASAT, a paced mental arithmetic test
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involving a memory component): The subject is asked to add the last digit
heard on a tape recorded to that previously heard. Thus, the 2nd digit is
added mentally to the lst, and the 3rd to the 2nd, and so on. The number of

correct additions is calculated, and the number of omissions and the number
of errors are recorded.

Number ordination test (NO): The subject is asked to arrange 9 digits in
increasing order in as many random digit series as possible during 7 min.

The number of series written per minute and the number of errors are
recorded.

Mental and psychomotor promptness test (MPP): The subject is asked to write
quickly on a sheet of paper letters or digits in squares determined by the

instructions of the investigator recorded on a tape recorder. The number of

squares filled up and the number of errors are noted.

TABLE 1

Characteristics of human Hydrogen dives

Dive Hydra IV Hydrox A Hydra V
Date November 1983 December 1983 May-June 1985
Place COMEX, France Swedish Defence Research COMEX, France
Institute, Naval Medicine
Division
Depth 120-180-240-300-150 m 120 m 450 m
Gas Hy /0o 98/2 Hy /09 98/2 Hy/He/09 55/54/1
Hy/He/0y 74/24/2
Number 6 3 6
Subjects
Hydrox Breathing hydrox under Breathing hydrox by a mask Living on hydrox
breathing a dome after a switch after a switch more than 2 days
protocol
Psycho- Manual Dexterity (MD) Visual Choice Reaction Time Number Similar.
metric Visual Choice Reaction (4-VCRT) Multiplications
tests Time (2-VCRT) Paced Auditory Serial 4-VCRT
studied Multiplications (M) Addition Test (PASAT) 2-VCRT

Number Similarities (NS) Standing steadiness

Manual Dexterity
Number Ordination
Mental and Phycho-

motor Promptness
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RESULTS

The results of the tests are expressed both as absolute scores and as
the percentage of variation relative to the reference value which is the
value of the test performed at the same depth in heliox (Hydra IV, Hydrox A)
or~the mean value of the two tests performed at 10 m in heliox (Hydra V).

Results of Hydra IV

The details of these results have been described at the Xth EUBS
Congress in Marseilles in October 1984 (6). A summary of these results is
shown in Table 2.

TABLE 2

Psychometrics during Hydra IV (6 subjects).
Variation of performance in percentage relative to the
test performed on heliox at the same depth.

Gas Mixture Hy-09 Hy-09 Hy-He-09p Air Relative
Plnert Gas (Bar) 18.6 24 .5 22.9 7.2 Narcotic Potency
Depth (M) 180 240 300 80 Hy/No
Manual Dexterity +0.5% -4.5% -3.1% -11.6% 0.11

Visual Choice -10.3% -2.2% +0.1% - -

Reaction Time (N=3)

Multiplications -13.8% -19.6% -15.1% -28.4% 0.21

Number -4.4% -6.4% -8.7% -12.6% 0.15

The conclusions were as Follows:

. The effects of Hy were observed at 19 ATA and higher pressures in 2 of
the psychometric tests; the multiplication and number similarities
tests.

. The manual dexterity and visual choice reaction time tests were not

significantly affected even with a Py, of 24.5 bar.

. The sensitivity to the Hy effect appeared to be quite variable
according to the individual subject.

. The manual dexterity test, the multiplications test, and the number
similarities test showed greater deteriorations in air at 80 m than in
Hydrox 98:2 at 240 m.
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. The Hy affects intellectual faculties (or cognitive processes) but less
than Ny, which affects also the rapidity and precision of simple
movement and the reaction time.

. Hy and Ny narcosis are not directly comparable but we can assess the
narcotic potency of Hy compared to Ny for a given test (see Table 2).
For the most sensitive test (multiplications) the narcotic potency has
been calculated to 0.21 which is not very different from that mesaured
by Brauer and Way (7) and Kent et al. (8).

. The safe 1limit for use of pure Hy would probably be around 200 m-
conditions similar to those of Hydra IV.

Results of Hydrox A

The details of these results have been described at the Xth EUBS
Congress in Marseilles in October 1984 (1). As there were only 3 subjects
and 2 tests run in this experimental dive, and the Py, was only 12.7 bar,
the narcosis study of Hydrox A gave only preliminary results which were in
accord with those of Hydra IV. A summary of the results is shown in Table

3.

The paced auditory serial addition test showed a tendency to deterior-
ation in all 3 divers. This was pronounced (-78%) in one diver for one
trial (this diver lost his power of concentration for a short while). The

decrease of performance was due to an increase in the omissions rather than
an increase in errors; the reduction in the number of correct answers on
PASAT can be caused by a deteriorated memory alone or in combination with a
slowing of the mental activity and a reduced power of concentration.

TABLE 3

Variation of Performance in Percentage Relative to the
Test Performed at the same Depth Breathing Heliox (98/2)
in Hydrox A (3 subjects)

Gas Mixture Hy-09
Py, (bar) 12.7
Depth (m) 120
Visual Choice No change

Reaction Time

Paced Auditory Serial Tendency to Deterioration
Addition Test (-78%); -21%; -22%
Steadiness No change (uncertain result due

to experimental conditions)
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Results of Hydra V

The Hydra V (May-June 1985) experiment was the first in which divers
were saturated on a Hp-He-Op mixture (54:45:1) at a pressure of 46 ATA. Six
divers participated in the experiment. Three of the divers were exposed to
a switch of breathing gas without change of pressure (team A). The other 3
divers were decompressed to 200 m in the Hy mixture (team B). Hy narcosis
was studied by clinical observation, subjective questionnaires filled in by
the divers, and psychophysiological tests.

Dive Profile and Test Protocol

Fig. 1 shows the Hydra V dive profile with the schedule of the psycho-
metric tests (NS, M, PASAT, 4-VCRT) given. Other psychometric tests (MD, 2-
VCRT, NO, MPP) were also carried out during the dive but less frequently.

DEPTH 7
(m)

150

HYDRA V
1985

400 5

........

- m———————

v e—m ey

LIS O O A 2
4 5 67 89101112131415161718192021222324252627282930311 2 346567 8

MAY JUNE

Fig. 1 Hydra V dive depth profile and hydrogen partial pressures.
occasions for the psychometric test are indicated:

1 learning tests at the surface;

2 reference tests at 10 m;

3 tests during compression at 142, 245, and 400 m;
6 tests on hydrox at 450 m;
7

8

The

tests on heliox at 450 m (team A);
test on heliox, then on trimix with Ny at 450 m
with mask (team A), NS and M

9 tests at the start of H, decompression at 420 m
(team B);

10 "postdive” control tests at the end of decom-
pression.
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During the predive training period, dives to 66 m on nitrox 95:5 were
carried out in a small chamber to obtain references for Ny narcosis equiv-

alent to 80 m on air (PN, = 7.2 bar). There were 3 test sessions in the
chamber:

. at the surface before diving;

. during bottom time at 66 m;

. during the decompression stop at 15 m.

Results of Psychometric Tests

Fig. 2 (A-D) shows the mean performance of the 6 divers of Hydra V + SD
on 4 psychometric tests (NS, M, PASAT, 4-VCRT).

A: Performances on number similarities test expressed in number of figures
examined in 1 min and number of errors.

B: Performances on multiplication test expressed in number of
multiplications solved in 2 min and number of errors.

C: Performances on paced auditory serial addition test expressed in
number of correct additions (&), number of omissions (o), and
number of errors (e).

D: Performances on visual choice reaction time in milliseconds and
number or errors.

Figure 2A. During the nitrox 95:5 dive to 66 m the mean deterioration for
the divers, relative to the surface reference in the chamber, was 16%
(P<0.01) but the reference value was higher than the average level of
performance at the surface. The tests carried out during compression show
noticeable deterioration from 400 m but did not become significant until the
second test at 450 m (P<0.02). At the end of decompression, 4 of 5 tests

show significantly higher performances than in the predive control situa-
tion.

Figure 2B. A deterioration averaging 16% is observed for this test during
the nitrox 95:5 dive to 66 m (P<0.05), particularly clear for 4 of the 6
divers. The degree of deterioration appears less, however, since the
reference test results in chamber were somewhat low. Diving hydrox satura-
tion there was considerable individual variability from day to day as well
as considerable variability among the individual subjects. But increasing
the Py, at 400 and 450 m produced significant deterioration (P<0.02) only in
one of the tests at 450 m.

At the end of decompression the 6 divers have recovered their perfor-
mances with a more stable response to the test.
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Fig. 2. Mean performance of the 6 divers of Hydra V + SD in the 4

psychometric tests.
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Figure 2C. We observed the following:
- good mastery of the test at surface;

- during compression, a gradual decline in performance,
accentuated at 400 m (-17%, P<0.0l1) and then at 450 m on Hydrox
(-23%. P<0.01) 24 h following arrival at 450 m the performance

reduction was 21% (P<0.05);

- large individual variations and difference in the behavior of
the subjects;

- at the end of decompression all 6 divers had completely returned
to their earlier surface performances on the PASAT.

Figure 2D. We observed that:
- mastery of test on surface is gradual but clear;

- the slight variations observed thereafter during the dive are
not significant (+ 2 to -1% at 450 m on hydrox). Remaining on
on hydrox at 450 m did not significantly affect the VCRT
results;

- at the end of decompression the performances were the same as
for the predive surface tests.

Figure 3 gives the percentage of variation in performance for the 4
tests (NS, M, PASAT, 4-VCRT) as a function of the Py, of the breathing
mixture compared to 10 m in heliox. The performance on the VCRT test is the
least affected, and the PASAT the most affected. The performances on the NS
and M tests are affected by the experimental conditions in about the same
way. A summary of the results is given in Table 4.

The relative narcotic potency Hy/Ny calculated for each cognitive test
is on average 0.16, which is not very different from the results of Hydra
Iv.

On the basis of the Hy/Ny mnarcotic potency ratio of 0.16 we estimate
the narcosis experiences by the divers on hydrox at 450 m to be equivalent

to that felt on air at 45 m. This narcosis was very slight and control-
lable.

Other psychometric tests carried out during Hydra V (MD, 2-VCRT, NO,
MPP) have been used in previous experimental dives: Entex 5 (9), Entex 8
(10) and Entex 9 (10) in heliox or trimix at the same depth, 450 m. The
results of these tests are shown in Table 5 and could be used to compare the
heliox or trimix compression to a hydrox compression to 450 m with the same
rate of compression (38 h).
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Fig. 3: Percentage of variation in performance for the
4 tests as function of the Py, of the
breathing mixture compared to 10 m on heliox.
For results obtained in Nj-containing atmos-
pheres the performances are compared to the
preceding test in non Njp atmospheres. To the
right, values obtained at low and high
pressure 7.6 and 46 bar are indicated. The
Py, were 7.2 and 7.8 bar, respectively.
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TABLE 4

Variations of performance in percentage relative to the reference test
(average of 2 tests at 10 m on heliox) from Hydra V (6 subjects).

Gas mixture Hy-He-09p Hy-He-09y Ho-He-0y Relative narcotic NITROX
potency

Py, (bar) 5 20 25 Py, 7.2 6.5

Depth (m) 245 400 450 Hy /Ny 66

Number

Similarities +6% -5% -10% 0.17 -16% -

Multiplications +15% -10% -8% 0.14 -16% -

Paced Auditory -3% -17% -19% 0.16 - -29%

Additional test

Visual choice -4% -3% 0% -
reaction time

In Hydra V the deteriorations of the MD and NO tests were less than in
the Entex series. This shows that the compression in hydrox did affect the
psychometric performances less than a heliox or trimix compression to 450 m.
On the other hand the MPP test showed that there was a slight narcosis in
hydrox.

DISCUSSION
It is rather difficult to interpret the results of these tests in view
of the complex experimental conditions and the simultaneous influence of

several different factors (compression, confinement, gas, etc.). It is also
difficult to apply statistical methods to such a limited sample: 6, or even
3 divers, depending on the situation. The confinement, the test time, the

length of time at maximum pressure, and the temperature are some factors
that could have influenced the performance of the divers, but which can not
be statistically tested in our study.
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TABLE 5

Variation of performance in percentage relative to the reference
test (average of 2 tests at 10 m on heliox) from Hydra V (6

subjects).
Gas mixture Hy-He-09 Hy-He-09y Hy-09 or He-N5-09p
Py, (bar) 25.5 25.5 0
Depth (m) 450 (arrival) 450 (24 h later) 450 (arrival)
Number of subjects 6 6 16
Name of dive Hydra V Hydra V Entex 5,8,9
Manual dexterity -5% -4% -10%
Visual choice -5% +1% - 7%

Reaction time
Number ordination -3% +1% -15%

Psychomotor and -20% -14% -
Mental promptness

Rapid compression to a great depth is usually accompanied by a decrease
in performance which is a part of the high pressure neurological syndrome
(HPNS). The compression profile for this dive to 450 m was relatively slow
and was used previously for:

- DRET 79/131 dive (11)
- Entex 5 dive (9)

- Entex 8 dive (10)

- Entex 9 dive (10)

Some psychometric tests which have been studied during three dives and
Hydra V (MD, NO, VCRT) seem to show a better performance after the hydrox

compression compared to the usually deteriorated performance observed after
heliox or trimix compression.

It is known that helium has only little or no biological effect on the
organism (12,13) and that Hy has a certain narcotic potency (7,14). A
narcosis more or less proportional to the partial pressure of Hy was
expected. Some of the tests we used for Hydra V (M,NS, PASAT, MPP) were
chosen for their appropriateness for studying narcosis, and had been used
previously by Adolfson (1). and Bennett and Blenkarn (2) for studying Ny
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narcosis. The PASAT seemed to be the most sensitive of these tests (Fig.
3), but the NS also shows significant variations in 25 bar of Ho. The broad
individual differences in the multiplications and number similarities test
results could have been due to variations in the concentration of the
subjects, which is corroborated by the divers’ own statements.

The VCRT does not vary as a function of Py, and Py, which is in
accordance with previous findings during exposures to Hy (15,16). Kiessling
and Maag (17) demonstrated that a VCRT with two choices deteriorated (i.e.,
the time increased) by 21% in 4 ATA of air. Unfortunately, in our study no
measurements were made during the nitrox tests, but the same testing
technique (4-choice VCRT) used in another laboratory (18) showed a signifi-
cant time increase of 7.3% in air at 75 m depth.

It appears therefore that in so far as the cognitive psychometric tests
and clinical observations are concerned, the divers experienced a "slight
but controllable" narcosis at 450 m on hydrox 55:45:1 due to the action of
the Py, of 25.5 bar which was much lower than the narcosis observed at 240 m
under a Py, = 24.5 bar during Hydra IV.

CONCLUSION

Psychometric studies during human hydrox dives, Hydra IV (16), Hydrox A
(Ornhagen, 1984) and Hydra V (COMEX, 1985, unpublished), allowed us to make
some quantification of the Hy narcosis, some differentiation in the effects

of Hy compared to Ny, and some evaluation of the narcosis level for a given
breathing mixture.

The Hy narcosis for an identical partial pressure is about one-fifth of
the N, narcosis. Hy affects the cognitive processes more than the psycho-
motor faculties. The narcosis level observed at 450 m, with a mixture
composed of 55% Hp, 45% He, and 1% Oy, was found to be comparable to the
narcosis level observed on air at 45 m.

Some speculations could be made about the pressure reversal effect of
narcosis, but our results at 240 m with a Py, = 24.5 bar and at 450 m with a
Py, of 24.5 bar are insufficient to draw any conclusions.
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