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The present document is the property of COMEX SAS. It has been entrusted to the ORPHY
laboratory, which scanned and uploaded it.

COMEX (Compagnie Maritime d’Expertises), established in 1962, has positioned itself in the
offshore activities sector, where it held a leading international position, becoming the world's
foremost company in engineering, technology, and human or robotic underwater
interventions. Comex designed a Hyperbaric Testing Center in 1969 and developed its own
research programs on various breathing mixtures used in deep-sea diving (helium and later
hydrogen). These research efforts led to spectacular advancements in this field, including
several world records, both in real conditions and simulations. Comex still holds the world
record at -701 meters, achieved in its chambers during Operation HYDRA 10.

The ORPHY laboratory focuses on major physiological functions, their regulation, interactions,
and their contribution to the development and prevention of certain pathologies. The primary
mechanisms studied involve metabolic aspects (oxygen transport and utilization, energetics,
etc.) and electrophysiological aspects (contractility and excitability), mainly related to
respiratory, vascular, and/or muscular functions. These mechanisms are studied under various
physiological and physiopathological conditions, ranging from the cellular and subcellular
levels to the entire organism. In Europe, the ORPHY laboratory is one of the leaders in
hyperbaric physiology and diving research.

Being a major player in innovation and expertise in the field of pressure, COMEX maintains a
scientific archive from its experimental diving campaigns. The value of this archive is both
scientific and historical, as it documents a remarkable chapter in the history of marine
exploration and contains results obtained during dives that are very unlikely to be replicated
in the future.
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A - THE NEEDS OF THE CIL INDUSTRY

During the 70's industrial diving progressed into the 150-200 meter range,
which is the present depth of numerous offshore oil fields throughout the
world. '

But since 1983 divers have been operating regularly in the 200-300 meter
range ~ in Brazil, for instance, where in 1984-85 COMEX divers performed more
than 600 man hours of work at depths between 280 and 307 meters .

At present a number of projects (North Sea, Brazil) are aiming at even greater
depths, from 300 to 450 meters.

This expansion amply justifies the program on physiological investigation of
human beings in hyperbaric conditions undertaken by COMEX and the FRENCH
MARTNE, in particular with the series of real dives (JANUS IV, Phase 3) or
simulated dives (ENTEX 5, 8 and 9) which focussed, fram 1976 on, precisely on
the latter depth, 450 meters.

Since 1968 when the scientific team of COMEX demonstrated and described the
High Pressure Nervous Syndrame (HPNS) one of the primary goals has been to
reduce this phencomenon which limits human activity at great depths.

This has been partly achieved by procedural artifices, more, perhaps‘, than by
the use of trimix, a breathing mixture of helium and cxygen with a small per-
centage of nitrogen. Unfortunately trimix only accentuates the cother limiting
factor of high pressure - the greater density of the breathing mixture which
increases ventilatory resistance to a point which is incawpatible with the
physical work required of the diver.

Professional diving demands unflagging efforts to ensure not only the effica—
city but also, and especially, the safety of the underwater worker. Two im—
peratives whose practical consequence is to lenghten the access time to high
pressure and to reduce the working time, thereby substantially increasing the
cost of deep water cperations.

Yet now is the time when the development of the offshore oil sector should
push beyond the depths already conquered. It was cur task, therefore, to
prepare the way for manned operations at 450, 500, or even 600 meters before
the end of this decade.

Reducing the limiting factors mentioned above, however (HPNS and respiratory
resistances), depended on existing means, which were already pretty close to
their own limits. In 1982, therefore, we decided that including hydrogen,
either alone or in combination, in breathing mixtures at more than 100 meters
might have two quite positive effects :

cuoumex



« THIS Ddt;uMENT IS THE PROPERTY OF COMEX. all infarmation contained herein may neither be reproduced. used, disclosed. transmitted nor in any wav‘n‘i‘ade public without the written permission of the owner, any persoa in possession of this

document acknowledges being bound by the obligation to treat it as confidential».

- lowering HPNS,
- improving lung ventilation,

which together would be beneficial to the deep water diver, diminishing fa-
tigue, and enhancing his camfort and safety, without increasing the cost of
operations,

B ~ HYDROGEN

Without in any way underestimating the constraints which safety requirements

impose on its use, nor the high level cf technical campetence its use requires

it must be acknowledged that hydrogen, as a diluent, possesses specific pro-
perties whose advantages are camplementary, rather than contrary, to one
another, i.e.

- first of all, its molecular weight, the lowest of all on Mendeleiev's
chart;

- next, anarcoticpower (possibly anti-HPNS) - less than that of nitro-
gen, but far greater than that of helium; |

~ finally, an advantagecus price.

Hydrogen can not be considered as a chemically inert gas — nor can nitrogen,
for that matter. Helium alone, is the most inert of all gases.

Tt may be worth while to note here a few points of camparison of these three

gases

Physical properties : : He 'Hz N2

Density (g.17%) 0.178  0.090  1.251
o —-—

Thermal canductivity (W. @m. ) 0) 34.07  40.21 5.6l

Cohesive force constant (Van der Waals) 0.034 0.244 1.390

Solubility in oil at 37°C (ml.l-l) 15 40 67
0il/water separation coefficient 1.7 3.1 5.25
Absolute viscosity (poise .107) 18.9 8.5 16,7
Narcotic power (Brauer classification) 0.07 0.26 1
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C - HISTORICAL BACKGROUND

Initiated by Lavoisier in 1789, the history of hydrogen as breathable gas in
a mixture was demonstrated by Zetterstrém a century and a half later when, in
1943-44, the. Swedish naval officer dove on hydrox to sea depths of 40, 70, 110
and 160 meters without any discomfort. The death of this unfortunate pioneer
at the end of the sixth trial was due to blow-up caused by a runaway winch
which was raising the platform on which Zetterstrdm was installed.

Systematic research into the biological effects of hydrogen began in the Uni-
ted States and France toward the end of the 60's and contimued, at COMEX,
until 1970. '

In the United States Brauer exposed mice and squirrel monkeys to a trimix of
He/Hz/Oz, in 1966—68, for periods up to 24 hours long at pressures of 60 to
90 ATA. The saturation was perfectly well tolerated by the animals, Peter

0. Edel and five other volunteers breathed hydrox in a hyperbaric chamber at
60 meters' depth without the least difficulty. During the 70's Edel continued
his research with William P. Fife, experimenting on dogs (a total of 1140 hrs
of hydrox exposure at 305 m) rats and mice (5313 hours) and on themselves, in
a chamber at 91 meters for 4 hours 37 minutes in all. Fife's report, well
substantiated by biochemical and histological examinations on dogs, concluded
that hydrox (97/3) was innocucus for animals at depths down to 300 meters and

periods wp to 48 hours.

In France, animal experimentation was begun in 1969 on rabbits by J. Chouteau,
L. Barthélémy and A. Michaud of GERS (FRENCH NAVY) and on Papio papio baboons
at QOMEX at depths of between 300 and 675 meters (HYDRA II).

The Swedish Scientists arnhagen, Lundgren and Muren demonstrated in 1979 that
hydrogen was not at all harmful to rabbits. Twelve animals were exposed seve-
ral times for 24 to 48 hours to 30 atm of hydrox ((PiO2 = 0.2 to 0.56 bar),
and all 12 survived normally without the slightest sign of acute or chronic
intoxication.

The fact remains, however, that at the start of the 80's, for what were chie-
fly technical reasons, experimental hydrox dives involving human beings had
not gone beyvond Zetterstrdm's 160 meter depth, so that an entire realm of
human physiclogy had yet to be explored by means of hydrogen-mix dives.

In 1983, after completing a final toxicological investigation on 30 mice
exposed to 60 bars of hydrogen for 40 hours, which substantiated the harm-
lessness of this PH,, we decided to resume experimental human dives using
hydrogen mixtures.

comex
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This experimental series, HYDRA III, IV and V; was carried out in the two
yvears from June 1983 to June 1985.

HYDRA IIT : sea dives

From June 27 to July 4, 1983, sixteen COMEX divers in eight pairs breathed
hydrox in a wet bell for five minutes at 70-73 meters. The descent and ascent
were carried out with the divers breathing heliox 80/20. None of them found
that hydrox tasted differently than heliox!!

On July 1, 1983, H.G. Delauze and J.P. Bargiarelli ‘followed the same procedure
but to 91 meters, each breathing hydrox for 5 minutes. The decompression,
following a conservative profile with hyperoxic mixtures from 18 m on, took
three hours and a half.

This first positive experience using hydrox in operating conditions encoura-
ged us to undertake the next experiment, HYDRA IV.

D - HYDRA IV

In this experiment, conducted in November of 1983, six divers were saturated

on heliox to 300 meters with hydrox exposures of from one to several hours at
depths between 120 and 300 m. These tests confirmed the breathing comfort and
attenuation of muscular fatique afforded by hydrogen. They also made it pos-

sible to establish, for the first time ‘on human beings, an evaluation .of its

particular narcotic power.

The following is a brief outline of the conclusions presented in the HYDRA IV
report and the papers given at the Xth E.U.B.S. Congress in Marseilles in
Cctober 1984

1~ Hydroggnj toxicity at partial pressures of 12 to 25 bars for exposures
of 1 to 6 hours was not shown by the biochemical blood and urine examinations.
This constitutes an initial confirmation of the results of much more severe
animal experiments. For exposures of several hours, at 15 bars, at least,
hydrogen appears to behave like an inert gas relative to cell structures,
while at the same time affecting the psychic functions, as does of course our
old friend nitrogen at even lower pressures.

2 - The conditions of this first physiological attempt were not such as
to permit exhaustive respiratory function investigations. And while the di-
vers were able to appreciate the breathing comfort they qualified as
"extraordinary" on hydrox, as well as the lack of tiredness during exercise,
the results of the measurements taken in the difficult conditions of immer-
sion are more delicate to interpret.
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Examination of the heart rates measured during exercise, however, tends to

indicate a lower cost ot the heart of exertion on a hydrogen mixture.

3 - BAccording to the work published by Lambertsen and by 4d'Aoust, swit-
ching the divers from the experimental hydrox to their storage gas heliox
should have produced the inert gas phenomenon of iscbaric counterdiffusion,
with the formation of circulating or stationary bubbles. During HYDRA IV
Doppler detection echography both confirmed the existence of this bubble-
producing mechanism. Under the conditions of this experiment the phenomenon
did not have any pathological consequences, but it will bear watching in
subjects saturated at greater depths.

4 - (Certain aspects of hydrogen narcosis are different from those of air
narcosis, at least in the initial phases. The difference in intensity of the
phencmena can be evaluated, however, the hallucinant power of hydrogen being
about one-fourth that of nitrogen. '

In any event the results of HYDRA IV enabled us to maintain that its narcotic
potency - controllable because it depends on the PH2 - indicates the use of
hydrogen mixes since :

- for one thing it depends on the ambient pressure, which has a
counter effect on the narcotic action of the gas (or a "pressure reversal
effect", as the Anglo-Saxons call it).

- for another thing the narcotic power itself has a contereffect on
the high pressure nervdus syndrome, like nitrogen - which would be a definite
advantage for dives beyond 300 meters,

E - THE OBJECTIVES OF HYDRA V

The purposes of the next hydrox tests are obviocus :

= on the technical level, to constitute a hyperbaric system which could be
pressurized with hydrogen as well as helium and which comprised a new ECS
capable of controlling not only temperature and relative humidity at all
times, but also the P102 by automatic O, injection in the hydrogen mixture.

= on the physiological level, confirmation of the anti-HPNS effect of hy-

drogen, which would, moreover, increase the diver's work capability both in
the dry and in the wet. And this under pressure conditions (46 ATA} following
a 38~hour compression, identical to those of the preceding dives, ENTEX 5, 8
and 9, on helium or nitrogen trimix.

Operation HYDRA V was long enough to permit a number of physiological inves-—
tigations, of which the chief ones were :
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- regqular blood and urine analyses in order to detect any incipient toxi-
city, albeit unlikely, of hydrogen during prolonged exposure;

- regular EEG checks and tremor measurement;

- respiratory function investigation during rest and work periods, both
in the dry and in the wet;

- medical surveillance and observation of behavior;

- study of iscbaric counterdiffusion phenomena when switching from hydrox
to heliox, and consequently determining what is feasible or prohibited in
transferring from one gas to another;

-~ plus, of course the final decompression of team B on hydrogen mix up to
200 meters for which we had to establish a profile without benefit of previous
experience, since no-ore had ever before "come up" from a 450-meter saturation
on hydrox.

comex
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1 - INTRCDUCTION

The use of hydrogen for human experimental deep diving was decided
upon after imposing safety as the main technical aim.

The HYDRA experiment was only carried out after the risks relating
to the use of heavy equipment initially intended for containing air
or inert gases were thoroughly studied.

Means, methods and procedures were defined on the basis of several

self-imposed safety levels :

- Accurate knowledge of non-flammability limits of H,-He-O,
ternary mixtures under hyperbaric conditions;

- Compatibilityof hydrogen with the materials used for heavy
equipment:;

- Use of breathing quality hydrogen;
- Continuous regeneration hydrogenated respiratory gases;
- Conformability of all the gas circuits;

- Anticipation of any eventual leak in saturation equipment with
detection and extraction;

- Setting up operating procedures for the equipment by anticipa-

ting and averting human error.

The fact that no significant technical mishap occcurred during HYDRA V
contributed to the success of the operation and proved that when
simple safety rules are respected it is no more dangerous to handle
hydrogen than some other gases used at high pressure for deep diving,

such as oxygen.
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2 — HYDROGEN AND FLAMMABILITY RISKS

Everybody knows that hydrogen is higly combustible.
The combustion process occurs from the following chemical reaction :

H, + 1/2 O5;—*H.,0 + 137 Kcal

2 2 2

This reaction is highly exothermic and the mixture turns into an
"explosive" one when the proportions become stoichiometric .

Before carrying out the HYDRA IV and V experiments, we implemented
experimental research regarding the flammability limits of H2-He—02
trimixes under pressure. This research was necessary to accurately
determine below what limits of oxygen concentration flame can no longer
be propagated, whatever the H2-He ratio may be.

2.1 - Experimental set-up

The main tool of the experiment was a cylindrical experimentation
chamber with the following specifications :

- length ........ veereaa et essasanane e 1000 mm

~ internal diameter ...cvceeen. 80 mm

-~ VOLUME .ciiuiviinsnnnanesnnnan 5 litres
-workingpxessure....;................ 600 bars
- test pressure ....00.. N 900 bars

Both ends of the chamber were sealed with screwed caps. One of the caps
was fitted with two Souriau unipolar electric hull penetrators for
ignition electrodes.

The other cap contained three gas penetrators for pressurization,
analysis, and pressure measurement.

The cylindrical part of the chamber had eight hull penetrators to
receive the electrodes used for measuring the propagation speed of
the flame.

comex
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After the gas mixture was made up it was homogenized by a motorized
system which spun the chamber around.

The ancillary equipment (data acquisition, analyses, etc.) is shown
in Figure 1.

2.2 - Experimental protocol

Tests were carried out at the following pressures :
15, 30, 45, 60 and 75 bars

with hydrogen concentration of :
20, 30, 40, 50 and 60 %.

The purpose of each test was to determine the minimm oxygen concen-
tration at which the flame was no longer propagated for each level of
pressure and hydrogen concentration.

The trimix was prepared directly in the combustion chamber with hydro-
gen, helium and heliox (He-Oz) after creating a vacuum.

The resulting mixture was analysed by chromatography before and after
ignition. Oxygen was measured a secornd time with a special oxygen
analyzer.

Corbustion was initiated by 3.16 mm ¢ welding electrodes connected to
a SAF 320 welding set. The ignition energy was very high : 50 to 300

joules for an electric arc lasting from 50 to 300 millisecords, i.e.

1 joule per millisecond.

At each level of hydrogen concentration and pressure several tests were
carried out for which the oxygen concentration varied around the
assumed flammability limit,

By measuring the oxygen concentration before and after ignition, it is
possible to draw the oxygen variation curve for a given pressure. The
point of inflexion squares with the limit oxygen concentration below

which flame can no longer be propagated (Figure 2 ).
comex
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This method enabled us to determine the limits quite accurately.
2.3 - Tests

The following table shows the distribution of tests as a function of

pressure and hydrogen concentration.

“““““““ L
Pressure | Total | HYDROGEN !
(bars) ! number !-—--w-- yrmm—— Fm—me—— !
| of tests! 20% ! 30% 1! 40% 1 50% | 60% !
15 i 50 13 112 18 t8 | 9 1
i | S
30 33 6 17 19 1 7 1 a4 i
? |
-.--«—--—_—————---————__.-—-»-—_-—----‘-—--—--—-——-—-m:--.---———-i- ———————
45 | 22 6 1 s 1 3 14 1 4
—---—--m—-—-——-—i —————————— b o e e -;-. ————————————— -i-——-———-; ———————
| | i
60 22 6 1 4 1 3 1 4 1 5
i -"—_-—'-_——'__—-.““—---—-_--_—__--_? —————— -j.—-—-----.:. ——————————————
I & 15 4 t 313 13 1 2
I'_"'_"_'2“_.":::::::::::::::::::F::::'—”:: ::::::$Z=::::£::::=::::=:::"_"
! 142 35 31 26 ! 26 1 24
! SN APV RS DU SV RUVE -

In addition, a nurber of tests at a pressure of 1 bar were carried out
to finalize the method, without being counted.

2.4 - Results

As a general rule, the limit oxygen concentration decreases :
- when the total pressure increases;

- when the concentration in diluent neutral gas (helium) =
increases.
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Figure 3 : Tt should ke noted that the pressure of the mixture
affects the limit oxygen concentration. We can see that
irrespective of the H,-He ratio, this limit concentration
decreases when the total pressure of the H2-~He~-02 ternary

mixture increases.

Figure 4 : On this figure the limit oxygen concentrations are expres-—
sed as a function of the hydrogen partial pressure. As
can be seen, nearly all the points corresponding to the
tests carried out at a total pressure of 75 bars are
aligned on an asymptote at an oxygen concentration of 4.4 %.

We can also see that for the same pressure the oxygen re-
quired decreases when the H2/He ratio diminishes. This is
probably due to the fact that the proportions approach the
H2/02 stoichiometric ratio. Contrary to what one might
think, flammability risks do not decrease with an increase
in helium concentration, in an H,-He-0, trimix.

Figure 5 : The H,-He~-0 triangular diagram shows the lower flammabili-
ty limits o% hydrogen in a ternary mixture with helium and
oxygen. At a pressure of several bars the mixture only be-
comes flammable with a minimum hydrogen concentration of
7.5 % on the condition that the oxygen concentration is
sufficient.

On the basis of these results, we have established rules for the use
of hydrogen in saturation experimental deep diving :

-~ Compression phase
Hydrogen is injected when the oxygen concentration falls below

2%, i.e. at a minimmm depth of 200 meters. .

- Deccocmpression rhase

Hydrogen is progressively eliminated to ensure a concentration
lower than 3 % upon arrival at 200 meters.

These rules ensure a very wide safety margin

comex
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HYDRA V - RESEARCH ON THE FLAMMABILITY LIMITS OF HYDROGEN
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3 - COMPATIBILITY OF METALS WLITH HYDROGEN

The phenomenon of hydrogen embrittlement of steel has been widely studied.

Many works have shown that the presence of certain elements in hydrogen
inhibits its embrittlement effect. This is particularly the case with
oxygen, which at a minimm quantity of several hundred ppm, considerably
limits the penetration of hydrogen into metal. This presumably results
from a greater affinity of steel for oxygen.

G.C. HANCOCK and H.H. JOHNSON (1) have studied this phenomenon with

very significant results (Figure 6). We can see that crack growth only
occurs in a pure hydrogen atmosphere. As soon as hydrogen is replaced
by a hydrogen-ooxygen mixture, the cracking process quickly stops and

stabilizes.

J. BRYSELBOUT of Air Liquide Company (2) has also proved that oxygen
has an inhibiting action which increases as the oxygen concentration

increases.

The oxide layer deposited on sound metal presumably acts as a hydrogen-
tight barrier. Combined traces of water vapour and oxygen have a greater
inhibiting effect than water vapour and oxygen separately (Figure 7).

Embrittlement is also linked to the hydrogen partial pressure and both
factors evolve in the same direction (Figure 8).

As regards hydrogen saturation diving embrittlement risks will thus be
considerably reduced due on the one hand to the permanent presence of
oxygen and water vapour in the ambient gases of the chambers and on the
other hand to the low hydrogen partial pressure.

As a matter of fact, given the results of HYDRA IV and V, the hydrogen

partial pressure admissible as regards narcosis will undoubtedly be
lower than 40 bars at total pressures ranging from 70 to 80 bars.
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Only in the context of animal experimentation will hydrogen pressure
reach and perhaps exceed 100 kbars, but the presence of water .vapour
and oxygen will certainly inhibit the embrittlement process. As a sa—
fety measure equipment will however ke regularly checked, particularly
in the zones subject to high stress.

(1) Hydrogen, oxygen and subcritical crack growth in a high strength
steel - G.C. HANCOCK and H.H. JOHNSON -~ Transaction of the Metal-
lurgical Society of AIME - Volume 236, April 1966, 513-516.

(2) Influence des pressions partielles d'impuretés gazeuses sur la

tenue des matériaux - J. BRYSEIBOUT - Centre de Recherche Claude
Delorme - Air Liquide Report 86.83 - 1983.
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Figure 7 : Influence of oxygen and water vapour on enbrittlement of
steel by hydrogen
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__DYNAMTC BREAKING TEST - ~ CRCD/SEPG
grade of steel ystoa-2 Figure 10
HELILM % HYDROGENE B DATE 9-11-43
Hardness woy (w) %58 4

Ref : J. Bryselbout (2}

"Figure 8 : Influence of hydrogen partial pressure on embrittiement
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4 -~ HYDROGEN PURLTY

The hydrogen proposed by the two main gas suppliers is either of cata-
lytic or of glectrolytic origin.

Most people in the profession considered that electrolytic hydrogen
offered the best warranties as regards breathing quality. As a matter
of fact this type of hydrogen may seem purer as compared to the cracking
of hydrocarbonic molecule, since it results from water electrolysis. By
using catalytic hydrogen for HYDRA III, IV and V experiments we have
proved that this is not a necessary condition.

The "purity grade" is not the only factor to be taken into account in
choosing the ultra pure gases intended for human (or animal) breathing

in a confined hyperbaric enclosure.

In our case traces of oxygen and nitrogen do not degrade the purity of
the gas. But the possible presence of microtraces of various compounds
likely t0 be salted out by the catalytic or adsorbtion agents used du-
ring the final scrubbing phase must be seriously taken into consideration

As for breathing quality, hydrogen concentrations of metallic hydrides
will have to be particularly well checked.

It goes without saying that cryogenic adsorption on a molecular sieve

is the best hydrogen scrubbing methed. Metallic hydrides are completely
trapped at the temperature of 'liquid nitrogen.
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" We had set the following specifications for HYDRA V :

Purity ..... sesssscacaansanee cesnseares > 99.98 %
Special treatment .....ciciiiiiiiiienenn Cryogenic scrubbing
O2 tetesnsseesetninras Ciensrrereeeacas . < 100 ppm
1 teesennnans < 100 ppm
CO tevrenennvaseascsvassssans creresanses < 0.5 ppm
COZ"""" ..... cereasans eeereesreseess <5 ppm
S < R ECERCTECTEREEE LR RS .+ <5 ppm

Metallic hydrides .......... 0.0015 ppm expressed in
AsH., PH,, and HCN.

A

3 3’

For metallic hydrides, we fixed the maximum acceptable values at

450 meters as follows :

Arseniuretted hydrogen ..ceeioees sesses 0,05 microbar
(RsH,)

Phosphuretted hydrogen .....cccvieaeenn 0.3 microbar
(PH,)
Hydrogen cyanide ........ freseanearnany 10 microbar

(HCN)

In the H2-I-Ie—02 trimix with 54 % hydrogen the above values correspond to

the voluminal concentrations :

comeaex




reproduced, used, disclosed, transmitted nor in any way made pubiic without the written permission of the owner, any person in possession of this

« THIS DOLGMENT IS THE PROPERTY OF COMEX, ali information contained herein may neither be

document acknowledges being bound by the obligation 10 treat it as confideatialy.

2-19

5= ADAPTATION OF HYPERBARIC FACILITIES

The hyperbaric facilities of the COMEX Research Center, particularly
the chambers, were not initially intended for hydrogen use. We thus had
to adapt them to this new deep diving technique. Activity areas in the
Research &enter'were also redefined (Figure‘ 9).

5.1 - Saturation chamnbers

In accordance with HYDRA V experimental protocol we organized two sepa-
rate and distinct zones (Figure 10) :

-~ one zone for the unique use of hydrogenated trimixes (hydreliox)

- one zone for heliox, to be used both as a strategic retreat po-
sition in case of safety problems, and for the final decompres-
sion of the divers.

HYDRELIOX ZONE

The EMS 600 modular saturation system was chosen for the hydrogen phase
of the operation. This system is made up of three interconnected spheres
which can be pressurized to different levels :

~ Sphere 1 : Living chamber
- BSphere 2 : Sanitary chamber and bell simulation

- Sphere 3 : Laboratory for tests in the dry or in the wet.

Internal lights were replaced by external ones fixed on the viewports
and protected by thermal filters.

All the metal components were grounded.

All the o-rings on doors, viewports, locks, technical plugs and manways
were replaced by seals compatible with hydrogen use. Before the first
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team of divers was pressurized we made a rigorous test of system
tightness at a pressure of 45 bars with hydreliox trimix.

All the rest of the internal equipment was that normally used for phy-
siological experiments in heliox.

HELTOX ZONE

A six-person cylindrical chamber with built-in lock was connected to
sphere 2 of the EMS 600 to accommodate the divers after their stay in
hydrogen. Its main specifications were as follows :

- TInternal diameter : 2.3 m
- Overall length : 9.3 m
- Chamber length 6.8 m
- Iock length :1.9m
- Working pressure : 60 b
- Chamber volume  : 27 m°
- Lock volume 8 m3

The transfer lock, which is normally used as @ sanitary chamber, can be
fitted out with 2 bunks in the eventuality it should be necessary to

pressurize a medical assistance team.

The physiological test equipment was identical to that used in the
EMS 600, in order to carry out reference tests on heliox.
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5.2 - Hydrcgenated gas _regeneration system

The breathing gas must be continuocusly regenerated during saturation so
as to :

- eliminate carbon dioxide
= eliminate odours

- partially dehumidify gas to maintain relative humidity at a
comfortable level '

- maintain temperature within a comfortable range

- re-oxygenate the gas mixture to compensate for the divers'
natural consumption during their stay "on the bottom" and to
ensure a constant oxygen partial pressure during the long

decompression ghase.

For HYDRA V it was not possible to use traditional regeneration systems
for obvious safety reasons., We thus designed a new system specifically
for hydrogenated gases. Compactness was sought by eliminating all the
pipes connecting the various modules in order to reduce danger of leakage
as much as possible.

The various elements, exchangers, boosters and filters were incorporated
in a single cylinder to be connected directly on to a chamber without
using any valve or joining pipe (Figure 11).

The bcoster was linked to the electric motor via a magnetic coupling

cooled by water from the condenser. With a variable-speed motor it was
possible to vary the gas flow as a function of depth within a range of
from several m3 to 200 m3/h. This flow range ensured proper requlation
of temperature and humidity down to 600 meters' depth in heliox or hy-

dreliox.

Hot and cold water flow was automatically controlled by signals from
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the temperature and relative humidity sensors in the saturation chamber.

The filtration compartment contains soda lime and charcoal providing an
operating range of more than 120 hours with 3 divers. The HYDRA V range
exceeded 150 hours on hydreliox.

Soda lime and charcoal are easily replaced by isolating, then dectmpres-
sing the filtration compartment by a check valve system. During this
operation gas still circulates through the exchangers and temperature-
humidity control continues wninterrupted.

For HYDRA V the ECS was connected to EMS 600 spheres 1 and 2 by means of
valves and rigid pipes. This arrangement offered a number of different
possibilities :

Exhaust and delivery in sphere 1, sphere 2 or both spheres at
the same time,

Exhaust in sphere 1 and delivery in sphere 2 (or vice versa).

Exhaust in sphere 1 and delivery in sphere 3.

Exhaust in spheres 1 and 2 and delivery in spheres 1 and 3.

Exhaust in sphere 2 and delivery in sphere 3.

The ECS comprised an oxygen make-up by means of which the divers' natu-
ral oxygen consumption was automatically compensated in accordance with

the measurement in sphere 1.

This device was specially designed for re-oxygenation of hydrogenated
gases. Since manual oxygen make-up was impossible for'obbious safety
reasons, we installed two automatic systems in parallel (Figure 12).

The special feature of this system consists in sequential injection of
oxygen while remaining on the safe side of flammability limits in the

oxygen injection zone. Several safety devices ensure shut-down and

comex
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f this

possession o

isclation of the automatic oxygen make-up system in the event of over-
oxygenation or local combustion.

We are pleased to report that the entire system worked perfectly and
that no failure occurred during the whole experiment.

Envirormental parameters inside the chambers were maintained at the
values required for physiological comfort with remarkable accuracy and
reliability (Figure 13) :

- Ambient relative humidity

Constantly maintained between 50 and 52 %, i.e. maximm
variations of £ 1 % in absolute value.

- 2Ambient temperxture

Maximum discrepancy was 0.5° C despite variations of the hot
water source of more than 10° C.

- =~ Carbon dioxide

The absorxption capacity of soda lime raised to more than

32 % in weight, whereas the supplier only quarantees it up to
20 %. This outstanding output was achieved by using a heat
recuperator which kept the gas at the ideal temperature and
humidity for soda lime.

y neither be reproduced. used. disclosed. transmitted nor in any way made public without the written permission of the owner, any person in

The 002 partial pressure was lower than 3 mb at all times.

- Oxygen

The oxygen partial pressure was maintained at the preset
values Yom during compression and bottom time as well as

decompression.

5.3 -~ Gas circuits

All of the gas circuits on the EMS 600 were fully reconditioned and
caoamex
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and the hoses replaced by rigid stainless steel or copper pipes depen-
ding on the type of gas they conveyed.

Circuits were arrancged to provide optimum flexibility in the handling
of various mixtures (fiqure 14).

Hydrogen circuits were only put into operation after inerting with
nitrogen, heliox or helium.

The decompression circuits of spheres 1, 2 and 3, the ECS scrubbing

compartment, the lock and the waste water tank were blown out with
nitrogen throughout the operation (Figure 15).
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6 - SAFETY DEVICES

The results of the research on hydrogen flammability limits proved
that risks are almost non—existant in the chambers below a depth of
200 meters, for the oxygen concentration is too low.

Great caution must be exercised outside the chambers, however, for
hydrogen has a very high flammability potential in air.

The flammability limits of hydrogen at .atrIOSpheric pressure are the
following :

- low limit : 4 %
- High limit : 74.5 %

These correspond to an oxygen content ranging from 20.1 & to 5.3 %.
It was thus necessary to make a thorough study of leakage risks and to
provide effective means of eliminating them.

For HYDRA V we equipped the EMS 600 with a big extraction hood covering
spheres 1 and 2. This hood was connected to the outdoors by a large 36"
diameter sheath and a powerful gas exhaust system with a two-speed hy-
‘drogen-class explosion-proof electric motor (Figure 16).

A set of 8 hydrogen detectors was installed under the hood and cormec~
ted to a control device with two alarm thresholds (Figure 17). Each
detector was linked to an electronic module fitted cut with :

~ an ON signal light,

- a sensor failure light,

~ a first alarm threshold warning light,

- a second alarm threshold warning light,

- a sound alarm to go off at the first alarm threshold

The alarm relay outlets automatically turned on the extractor and a
powerful flashing light.
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Alarm thresholds were fixed at the following values :

- Threshold 1 : 0.15 % hydrogen

Starting up of the first extraction speed, corresponding to
a flow rate of 20 000 m°/h, and the orange flashing light.

- Threshold 2 : 0.5 % hydrogen

Starting up of the second extraction speed corresponding to
a flow rate of 40 000 m°/h, and the red flashing light.

It should be noted that the 40 000 m3/h extraction rate slightly de-
pressurizes the experimental center. The slightest leak would therefore
be immediately diluted in the air and drawn out of the building.

The surface operators could also manually control the extractor. In
case the extractor was to be manually operated in first or second speed
the operator was warned of a hydrogen alarm by the flashing light and
the sound alarm of the electronic module.

The COMEX Research Center was originally equipped with 3 extractors
(unit flow rate : 6000 m3/hr) and we had them working continuously as

a safety measure.

It should also be mentioned that the temperature difference inside and
outside the building resulted in a natural ventilation via the hood by

convection.

The following table indicates the air speeds in the hood and the sheath
as a function of the extration rate..
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| 20000m° | 40 000 m> |

! i !
| i ] 1 !
| In the extraction sheath | 8,75 m.sec™! | 17,5 m.sec™* |
| B B ]
| At the bottom of the hood | 0,6 m.sec"l | 1,2 m.sec'l |
! l

When the fist team of divers was on hydrogen the detection system
enabled us to detect a leak in the feedthrough of the circuit supplying
the breathing gas to the mass spectrometer. This leak was able to be
checked in complete safety by the combined efforts of the divers and
the surface technicians.
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Figure 17 : Circuit diagram of hydrogen detection and extraction
system
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7 — PROCEDURES FOR OPERATING THE EQUIPMENT

We will not. give here the detailed procedures themselves, as these are

set forth in a special paper.
These procedures were drawn up with the principle in mind that at no
time, under no circumstances, and at no point in the diving system and
its peripheral facilities could there be any possibility of producing a
flammable mixture.
The procedures cover i

~ pressurization of the sphere complex

- depressurization and repressurization of sphere 1 and 2

- depressurization and repressurization of sphere 3 for tech-
nical operations in the dry

- filling spﬁere 3 with water after opening to the a’cnospheré
- replacing the water in sphere 3

- reducing hydrogen content in spheres 1 and 2

- increasing hydrogen content in spheres 1 and 2

- operating the food and medicine loé]c of sphere 1

- operating the sanitary tank of sphere 2

~ bleeding the regeneration condensate recovery bottle

- changing ECS soda lime and charcoal

- blood sample decompression chamber

comex
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- transferring divers from the EMS 600 spheres to the 60-bar
chamber and vice versa

- using the automatic oxygen make-up system

- preparing hydrogen circuits before using them for hydrogen
or hydreliox

- using the hydrogen mix
- physioclogical tests in the dry in sphere 3

-~ hydrogen consumption ard preparation of hydreliox

8 - CONCLUSIONS

In conducting this experiment we have proved that heavy saturation
diving equipment initially intended for helium can be adapted to hydro-
gen and offer full safety guarantees. Modifications are required onliz
in some of the associated sub-systems.

No significant technical difficulty occurred during the experiment. The
equipment developed specifically for HYDRA V, particularly the gas rege-
neration system and the automatic oxygen make-up, worked perfectly
throughout the 36 days of the experiment.

The diving system was also put on hydrogen without any difficulty because

the simple safety procedures and rules which we imposed upon the surface
technical and scientific teams were respected at all times
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I - CRGANIZATICON

1) COMEX TEAM
Director of operations
Scientific Directorg :
Technical Director :

Scientific and Medical Staff :

Technical Staff

- Laboratory :
- Diving Supervisors :
- Shift Supervisors :
- Technicians

- Safety Superintendent

Public Relations :

H.G. Delauze

X. Fructus and B. Gardette

C. Gortan

M. Comet
M. Carlioz

A. Bened

M. Trovallet
J. Coustal
A. Martin
P. Martin
S. Clairet
B. Borrione
Y. Bornmier
P. Roux

P. Vittori
J.P. Mary

C. Jatteaun
J.P. Inbert

comex




« THIS DOCUMENT IS THE PROPERTY OF COMEX, all information contained herein méy neither be reproduced, used, disclosed, transmitted nor in any way made pubfic without the writtea permission of the owner, any person in p;ssession of this

document acknowledges being bound by the abligation to treat it as confidentiatn.

2) SCIENTIFIC TEAMS

= CEPISMER/GISMER (French Navy) : D. Lamy

= CERB {Toulon Naval) B. Broussolle
J.L. Morcellet
P. Giry
R. HByacinthe
A. Elizagaray
B. Puech
A. Battesti
A. Baret
A, Courtiére
C. Verbier
G. Perazza
R. Bugat

= CERTSM/DCAN (Toulon Naval) : G. Masurel
N. Gutierrez
M.C. Giaccmoni

= GIS/CNRS : R. Nagquet
G. Imbert
A. Chattut
A. Folco
J.C. Rostain
M.C. Gardette-Chauffour
A. Burnet

= TNPP ' : P. Gavarry
E. Clogenson

= OCTARES : C. Lemaire
E. Martinez
D. Guldrer

NMRT (US Navy) : E.T. Flynn
M. Ackerman
R. Benvard

= NDRI (Swedish Navy) : H.C. Ornhagen
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Management conmittee :

- H.G. Delauze, COMEX Chairman
- Capitaine de Vaisseau Serve, French Navy

Technical Committee :

- C. CGortan, COMEX

- Capitaine de Frégate Harismendy, French Navy

- B. Pillaud, IFREMER

Scientific Committee :

Dr X. Fructus, COMEX

- Dr R. Naquet, C.N.R.S.

Médecin~Chef Lamy, French Navy

operation was under the responsibility of three committees :

Mé&decin-G&néral Broussolle, Service de Santé des Armées,
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II - EQUIPMENT

a) Hyperbaric caomplex

Part of the COMEX hyperbaric research centre facilities in Marseilles

were used, including s

UNIT N° 1 : A system three spherical chambers comnected to the heliox
chamber in which three divers can stay in hydrogenated gas mixture un—
der physiological and medical controls and perform exercise tests in
dry and wet conditions.

This system was equipped for detection of H, exhauts with alarms and
extraction outside hyperbaric center hall.

UNIT N° 2 : A chamber with leock under heliox, which can accamuodate six
divers.

b) Individual equipment for the dive

For the test in the wet the divers were kitted up with :

- a one-piece COMEX PRO suit without hood made of 5 mm thick neoprene
with fastening,

- neoprene boots,

- safety harness,

vy neither be reproduced, used, disclosed, transmitied nor in any way made public without the written permission of the owner. any person in possession of this

-  weights, _
-~ emergency twin set (V =3,33 1 x 2; P = 200 b) filled with bottom
mixture,

-~ new integral wet helmet COMEX PRO, with T8 demand/dunmp valve connec-
ted to the dry wall by an umbilical composed of :
. life-line

. in-cut breathing gas supply line
. communications line

. ECG and magnetometers lines

. mass-spectograph line

. orc—nasal temperature line

. mouth barcgram line

Exercise tests were performed on cyclorower.

document acknowledges being bound by the ohiigation to treat it as confidentialn.
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ITI ~ THE DIVERS

od

Six divers were selected for HYDRA V @

- 3 COMEX divers,
- 2 divers from the GISMER (Groupe d'Intervention Sous la Mer),

FRENCH NAVY,
~ 1 diver from the INPP (Institut National de Plong€e Professicon-

nelle).
They were divided into two groups :
TEAM A : 3 divers

A J.G. Marcel-pAuda (GISMER)

1 7
A2 : P. Raude (COMEX)
A3 : L. Schneider (COMEX)

TEAM B : 3 divers

S. Icart (GISMER)
: Y. Langoudt (COMEX)
J.P. Macchi (INPP)

[1e]

METHODS AND PROCEDURES

1) Compression techniques for deep dives using He—Oz, He—Nz—gz and
gz-He—O., mixtures

After the human dives made in the CORIAZ series (1975) - Rapid camp-
ression in 4 hours to 300 msw with different percentages of nitrogen

in heliox - CORAZ I :9%N2
CORBZ IE, IXI : 4,5 %N2
CORAZ IV :0%N2

we undertook a systematic study of the influence of nitrogen on the
intensity of the HPNS in the monkey Papio papio. That was the CORASIN
series - compression in 2 hours to 600 msw. The results obtained have
led us to . develop a coampression technique with the following charac-
teristics : decreasing speed as depth increases; short duration
intermediate stages; introduction of nitrogen before each stage, to
obtain 8 % at 600 msw. This method of campression made possible to
minimize the HPNS at 600 msw (CORASIN VIII) and to reach a 1000 msw
depth (CORNELIUS I).
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Extrapolation of this procedure to man, during two compressions to

400 and 300 msw in JANUS IV, phaseIl and III, showed an increase in
the modifications of the EEG during the first phase of the compression
(the most rapid), between 0 and 300 msw.

The reduction of speed at the beginning of the compression in the
expariments with the monkeys (CORNELIUS II and ITT) as far as 100 msw
using 5 % N, minimized the clinical symptams of HPNS and EEG modifi-
cations.

A human dive to 450 msw was also carried out using this new procedure.
8 subjects were taken to 450 msw in 38 hours (DRET 79/131) without
clinical synptoms and without any important increase in théta EEG
activity.

The same compression procedures were used in ENTEX 5 and 8 (450 msw —
12 days) with 4.8 % N2_ and in ENTEX 9 (450 msw and 610 msw) without

adjunction of nitrogen in the heliox mixture.

2) ENTEX and HYDRA V carpression procedures

0 - 10 msw : Heliox = 0.4 b O
10 - 450 msw : 38 hrs
- with stops every 100 msw
duration of each stop : 150 min (2 hrs 30)
- decreasing speed with depth
0-100 2  min/m
100 - 200 2,5 " "

2

200 - 300 4 o
300 - 400 5 nwon
400 -~ 500 7 e

- Gas mixture - in DRET 79/131, ENTEX 5, ENTEX 8

He N2 O2 / 4.8 % N, - Adjunction of 3.5 m N
each stop : 2.2 bars of N, at 450 msw

2

= in ENTEX 9 (between 10 and 450 msw)

He 02, without adjunction of N2 : PN2 =0.8b=21n

= gas mixture : helium up to 200 msw
hydrogen between 200 and 450 msw

comex




« THIS DOCUMENT IS THE PROPERTY OF COMEX, a!l information contained herein may neither be reproduced, used. disclosed. transmitted nor in any way made public without the written permission of the owner, any person in possession of this

document acknowledges being bound by the obligation to treat it as confidentialn.

H He O, 25b

2 2
20.6 b He = 45 %
0.4 b 0, = 12
= (0.05 b N2= 0.1 %) elimination before camwpression £ram
0 to 10 msw

= compression duration
He : 14 hrs { 10 - 200 msw)

H2 26 hrs (200 - 450 msw)

3) Gas switch : fram H2 He 0. to He O2

2

After four days at bottcm depth, the three divers of team A were
transferred from an hydrox atmosphere - 54 % H, at 450 msw (25 b H2)
to an heliox atmosphere with an 8 hrs intermediate hydrox mixture
stop - 30 % H, at 450 msw (14 b HZ)'

Though the gas switch was progressive, it appeared it was even too
rapid and the divers on heliox were recampressed to 470 msw with an
increase of the PI0,, from 0.4 b to 0.6 b. After a very slow decam-
pression to 450 msw, they stayed at bottom depth for additicnal
tests designed for camparison between heliox and hydrox.

Subsequently, the dive planning of Team B was modified and converted
into a complete hydrox dive procedure that will certéinly be adopted
for future operations : comwpression with hydrogen when deeper than
200 meters, stay under hydrox atmosphere at bottom and decampression
to 200 msw with H, progressive elimination.
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4) Bottaom time durations

TEAM A TEAM B
{3 DIVERS) (3 DIVERS)
H2 He O‘.2
at 72 hrs (3 days ) 104 hrs (4 D 8hrs)
450 msw
He O2
at 128 hrs (5 D 8 hrs) 0
450 msw
TOTAL {200 hrs (8 D 8 Hrs)| 104 hrs (4 D 8hrs)

5) HYDRA V decompressions

TEAM A : The three divers were decampressed on heliox from 450 msw
to the surface in 14 days 10 hrs.

Rate

f 4

\

450 -
15 -

450
350
120 -

15 -

15 msw =

I

0 msw

350 msw

120 msw

il

15 msw

0 msw

45 min/m

60 min/m

0.6 b
0.5 b
0.6 b
24 %

At the end of decampression, near the surface, 1 meter, twe divers

had a slight pain in the knees. Team A was reccompressed to 4msw, on
air with pure 0, inhalations, and, then decarpressed to the surface
90 min/m}.

(speed =
TEAM B =

The decompression was conducted with progressive elimination

of hydrogen from 450 msw to 200 msw. Fram there to surface,

the ascent was carried out in an heliox atmosphere. This

saturation decawpression was the first one ever performed
with hydrogen and was closely monitored, using ultrasonic
bubble detector technique.
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Decampression duration : 19 days 10 hrs.

= on hydrox : 11 days 17 hrs (450 = 157 msw)
- on heliox : 7 days 17 hrs (157 = 0 msw)

450 = 350 msw = 70 min/m

350 = 300 msw = 65 min/m
300 - 250 msw = 60 min/m
250 - 15 msw = 55 min/m
15 = 0 msw =120 min/m
450 - 100 msw = 0.5 b

100 = 15 msw = 0.6 b
15—~ Omsw=24 %

Team B arrived at surface on Friday 7 Juneat 10.00 am without prcblem

Total time exposure on hydrox : 17 days 3 hours

- 6)

Investigations

-~ Clinical observations COME® - GISMER - CEPISMER

- Tremor quantified

-~ EEG quantified t  GIS/CNRS
- Sleep EEG
- Psychometric performances CCTARES, SWEDISH NAVY,

~ Psychology COMEX, CERB
- Ventilatory investigations in dry
conditions, at rest and during ] CERB
exercise on bicycle ergometer

conditions, at rest and during
exercises on cyclorower ergometer

- Ventilatory investigations in wet
] GIS, COMEX, CERB

- Cardiac adaptation to effort : NMRI (US NAVY)
dry and wet conditions

- Bubble detection CERTSM

- Scintigraphy : lungs, skeleton, heart CERB

- Biology in blood and in urine CERB

~ Ophtalmology  C.0.M.

- New regeneration systems with perma-
nent recxygenation of ambient gas to COMEX
camensate diver's normal 0, consump-
tion
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INTRODUCTION

The doctors who participated in this experiment were not content merely to
watch over the divers'health, which: didn't give them much trouble, they were
particularly interested in observing the functional and psychological states
of these six men who were being subjected to new and different conditions of
saturation diving. New and different, actually, by virtue of only one element,
but one of great importance, the breathing mixture. With, however, the
reassuring fact that the six HYDRA IV divers had breathed hydrogen-enriched
mixtures at nearly the same partial pressure of hydrogen, give or take bar,

as would be the maximum used in HYDRA V.

THE DIVERS

Prolonged exposure at 450 meters'depth (as against 430 for JANUS 1V) would be
familiar to 4 of the 6 participants (A1, A2, A3 and B2) who had a vivid memo-
ry of similar experimental conditions. In addition, diver A3 had breathed
hydrox between 120 and 300 meters during HYDRA IV. As has been mentioned, the
divers were divided into two groups of three.

Groupe A
Al A2 A3
Age (vears) 40 35 34
Height in cm 189 183 176
Weight in kg 88 80 74
Skin surface (m°) 2.15  2.02 1.90
vital capacity (VC) in lpo.. 6.32 5.53 6.25
FEV in Lo § 4.15 3.60  5.01
Groupe B
Bl B2 B3
Age 32 31 34
Height in cm 175 179 172
Weight in kg 73 75 75
Skin surface (m2) 1.89 1.94 1.88
Vital capacity (VC) in IBTPS 5.60 5.40 4.77
-1 4.16 4.09 3.57

FEVinlETPS.S

After three weeks of preparation (medical and physiclogical examinations,
and training for tests) the 6 divers were in satisfactory phydical cordition.
There were certain differences between the two groups. All three members of
group A had sound experience in deep saturation diving. A2 and A3 (COMEX )

comex
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more than 400 days each on offshore oil sites, not to mention JANUS IV and
the ENTEX experiments, and Al (FRENCH NAVY) . in experimental dives, especially
ENTEX 5. Group B was more disparate : Bl (FRENCH NAVY) had a modicum of
experience with saturation, B2 (COMEX) quite a bit more, with 150 days of
deep water sites plus ENTEX 5, but it was virtually nonexistant for B3 (INPP}.
Be that as it may all six divers, who were of course volunteers, were very
well motivated toparticipate in testing this promising new mixture and from
the beginning to the end of their "immobile trip" the esprit de corps was
excellent,

SYMPTOMATOLOGY

Here are the clinical cbservations of group A and group B recorded
chronologically for the day (D), time (T) and depth in msw, with mention of
breathing media.

GROUP A
D T Depth Cbservations Divers
(msw) Al A2 A3

1/3 10 He-0, (80/20)

Sleep rnestless - Insomuia = -

Discomgont = =
4 02:00 . Beginning of compression (He)

Insomnia -

No comments - =

14:10 200 Compression continues (Hz)

5 07:40 400 Stop (PH2 10 bars, ) .
10:10 400 Resumption of compression (H2) ,
12:00 416 Feeling okay, especially note normal

nasal respiration " - =
16:00 450 (PH2:25.8 bar. P02 : 0.41 bar)
No perceptible HPNS - - -
Remankable breathing comfont -
Narcose felt as deg/te.'e 0.5 -1 - »
Feels nommal and no HPAS -
6 450 (PH, : 25.5 bar. PO, : 0.42 bar) "
SLight fatigue at end of day - -
7 450 (E’H2 : 25.6 bar. PO?.. : 0.44 bar)
Verny sLight narcosds, not perceptible = =
Nothing else to repont - - =

comex
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Depth Observations

(msw)

08:00

16:00

17:00

18.15
18:40

20:30

21:30

22:20

22:20
23:00
23:25

450

450
450

460
460

460

460

460

460
460
470

Switch to 30 & H2 (PH2 :
SLight nasal obstruction
Onset of distal themon
Switch to O % H2 (P02 : 0.4 bar)
Sthong nausea/ Pale. Anxiefy

Intense fatigue, had to Lie down
Nausea. Dizziness (without nystagmus)
PrutLtis

Tremon

10 m compression at 2 min/meter

13.8 bar)

2% 0, mixture by mask

02 by mask stopped

Vomiting, dizziness

Hyperbaric Mthralgla {oh bends} in
hnees, wrnists, shouldens {fate over)
Rash with acute niggles, all ovexr,
Luitating (resumed mask)

Took 1 g of Aspegde

Attenuation of shock but infense fatigue

and persistent polyarthralgia

Niggles nearly unbeanable, agitated,

took 6 mg of Polaramine

Meal mone on Less eaten, due Lo 4po-

radic nausea, but no vomiting. Marked
jatigue.

Resumed 2 % O, by mask.

2

Precondialgia, Tachycandia + 2 % 0, by

mask stopped

Breathing by mask terminated

1 Valium tablet 5 mg

Exacerbation of Litching and prickling,
and arthralgia of the night shoulder
Still on heliox, but PO2 = 0,6 bar
Beginning of compression to 470 m
Fatigue, chills, drowsiness. Niggles

more Aintense at meals, during muscular

effont and when waam.
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D T Depth Cbservations Al A2 A3
9 00:30 470 Everything fairly quiet. SLeeping - -
09:40 470 5 mg Valium -
Valium and Polaramine -
10:00 470;. Prunitis, sLight ventigo, Romberg -
negative
General condition becomes normal .., - -

on nemains normal.
12:00 470 Deconpression to 450 m starts, at

2 hrs/m
19:00 466 0t{tis externa : Polydexa -
Valium 5 mg - -
HoAL which will disappear in 4 days - -
10 08:00 458 SLight tremon. Moderate nasal obs- - -
thuction. - -
Some. muscular twitching -
11-12 450 Exencises canrnded out in the duy, - -
Form nather mediccre. - -
13 09:00 450 Trimix with 15.6 % NZ breathed
11:00 450 for 30 mins. This ftest reponted as - -
unpleasant by the diverns, causes a
degree 3 narcosds. - -
Form rather mediocre - .
14 00:00 Beginning of final decompession with

P02 of 0.6 bar to 350 meters
© 17 02:35 350 PO, 0.5 bar

Nofth,éng- Lo rneport = =
24 07:55 120 PO, 0.6 bar
27 13:40 15 PO, 24 %
28 03:40 1 Paind An the knees : pure 0, by mask =

03:51 4 Recompression to 4 m, then recompres-—

sion at 90 min/m. Pc:‘(,én relieved -
11:30 . 0 Divers leave chamber. R

Condition satisfactory . -

comex
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T

Depth
(msw)

GROUP B

Cbhservations

Divers
Bl B2 B3

5/7

10

11

12

13

14
15

02:00
14:10
07:40

10:10

12:00

16:00

10

200
400
400

416

450

450

450

450
450

He-0O, (80/20)

StLeep medicene, Limproving second night
He compression starts

Sfeep intermitient

Compression continues on H2

Stop. (PH2 10 bars)

Campression resumes on H2

SLight transdient HPAS (wrists)
Cutaneous hypesthesia

Impression of pitching when moving
about, Romberg negative

Great ease of breathing

Average narcosdis degree 1 fo ¢

PH2 ¢ 25.1 bar; PO2 = 0.4 bar

No perceptible HPNS or HPAS
Remarkable breathing comfont

Does not have the impression of beeding
at 46 ATA

Cutaneous hypé/:sthezs/;a (hypa,ﬂge/s'm}

At times, visual impressdion of
pltehing

Tendency Zowards mind wandering
Memornization digglculity

On the average, narcosis Level 2

PH2 : 25.1 bar;'RDz = 0.4 bar

Form average. Piliching sensation has
disappeared

Cutaneous hypesthesia persisits
Digficulty in confornming to the dry
test nequinements . Hypesthesdia pernsits
Wet tests well tolenated

Wet tests well tfolernated

The s8ight narcosdis tends to Lessen
and Ln any case never affected profes-
sdonal behavion
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D T Depth Cbservations Bl B2 B3
(msw)

16 00:00 450 Beginning of final decompression by
gradually eliminating the H, (poé =
0.48 bar)
17/22 Continues atrate of 70-65 min/meter
23 02:02 300 PH, = 9 bar. Decompression 60 Min/meter
Feeling nommal again and in fine fettle = - -
28 17:05 157 Transfer into pure heliox (PH2 =0 ;
PO2 = (0.6 bar) - 55 min/meter
34 09:00 12 Slight pain in knees and calves, re- - -
Lieved by inhaling pure O2 by mask
(15m=-0) : 120 min/m)
35 09:55 0 Divers leave chamber.
Condition satisfactony . - =

These observations, which we have necessarily summarized, albeit as faith-
fully as possible, in order not to become submerged in details, are above
all subjective. They have been taken from the sheets filled cut once or
twice a day by the divers (see attached models) and completed

by our own observations through the viewports or by intercom. _
Clearly the discussion concerning these results shoud be centered on the two
main themes - of the experiment, hydrogen narcosis and HENS.

NARCOSTS

The data gleaned from the HYDRA IV experiment permitted us to draft a fairly
complete but shaded description of the psychodysleptic effect of hydrogen
and to establish a scale of the degrees of narcosis - a simple, not a des-
criptive, scale, relating to the different levels of sensations felt and to
alteration in behavior. Here is this scale as it was published at the 10th
E.U.B.S. Congress in Marseilles in October 1984 :

DEGREES OF NARCCSIS
- Not perceptible
- Barely perceptible
Slight but controllable
~ Promounced and capable of affecting behavior
Incapacitating, in process of evolution and dangerous

B> W N = O
1
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The markers exist therefore, those touchstones so indispensable for evalua-
ting, with a precision necessarily relative but quite adequate, the effects

of the PH, as a function of the P per 4e

Care must be taken not to disregard the original aspects of this narcosis,
those which differentiate it fairly clearly fram the "rapture of the deep"
of air diving. The following is a cualitative break down of the effects ob-
served during HYDRA IV when the PH,was highest, at 240 msw.

HYDROGEN NARCOSIS

' DIVERS:G-DE:PIH:ZflOmsw-PHZ:H,Sbar

No of
Affected divers
{out of 6)
1 - SENSORY HALIICINATICNS

Gustative : taste of metal or chlorine 2
Aunditory soands more -intense, sanetimes indistinct
Visual  : light, more vivid (dazzling)
colours tending towards orange
Tactile : cutanecus hypoesthesia, ¥ diffused
hyperesthesia of the fingers | 1

e

2 ~ SOMESTHESIC HALIUCINATIONS

A - At exercise
Diffused warm flushed feeling
Easy muscular effort, without fatigue 4
: B - In R.S.R. position:
Disorientation, vertigo (sometimes nausea) ' 3
Distortion or loss of sense of bodily arrangement

3 - INTELLECT AND BEHAVICUR

Mental dispersion. Interior dialoque . 2
Instability : agitation or impairment of alertness

4 - AFFECTIVE CCMPONENTS-

Impression of increased muscular strength and endurance
Variable euphoria or well-being
Displeasure : anxlety of losing self-control

5 - OTHER EFFECTS

Tendency towards drowsiness - -
Breathing lapses ... ) 1

{DEGREES OF NARCOSIS : 1 to 3 +)

% R.S.R. = Relative Sensory = Rest
comex
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This symptocmatology indicates properties close to those of anesthetic and/or

"~ hallucinogenic drugs. In this connection, D. Lamy of CEPTISMER drew up the

following list of questions and answers after analysing the impressions of
the six divers under the influence of more or less perceptible narcosis but
not more than degree 2 or 2+ his at 450 m with a PH,of 25.3 T 0.5 bar)

Is hydrogen ...

Hypnotic ? No : Nocturnal sleep fair to good,
No diurnal drowsiness

Tranquillizing ? Yes : Subjects self-confident,

serene, cooperative

Anxiety-relieving ? No : (But not anxiety producing,

either)
Neuroleptic ? Yes : Decline in motor activity

(relaxed)

Analgesic ? Yes : No muscular or articular pains during

exertion,
Impression of tirelessness

Blows and wounds felt very little

Sensory ? Yes : Hyperacusia at times disgreable

In addition, same slowing down of mental processes with

an incorrect notion of time elapsed

Personal variations are less pronounced than interpersonal differences and
very likely one cannot attribute to these variations the contrast observed

in one diver (L.S.} exposed to ostensibly the same PH2
depths, in HYDRA IV and HYDRA V.

but at different
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Case oF DIVER L, S.

DEPTH PHZ GRADE OF
EXPs MSwW BAR SYMPTOMS NARCOSIS
HYDRA [V
120 12.7 Decline in digital tactile sensitivity .5
180  18.6 Slight narcosis perceptible in R.S.R.% 1
240 24.5 | Cutaneous hyperesthesia. Hyperacousia. 3

Controlling action requires great mental

effort, anxiety-producing. During routine
activity subject feels more himself. De-
cline in alertness during R.S.R.

300 22.9 Same symptoms as at 240 m, but attenuated 2

(trimix)
300 18.3 Narcosis barely perceptible
(trimix)
150 15.7  (Decampression stop). Nothing to report.
HYDRA V
T 450 25.8 | Nothing to report 0
450 11.5 Nothing to report 0
450 0.0 Onset of tremor HENS
Arthralgia (knees, shoulders) H.A.

Our rough calculations for HYDRA IV of the relationship between the ambient

pressiure, the gas pressure and the degree of narcosis. had led to the predic:-
tion that for every additional 100 m after the 200 msw depth, the PH, of 17

bars easily tolerated at 165 meters could by increased by 2 bars.

On the basis of this hypothesis we reckoned that at 450 m the HYDRA V divers
would be able to tolerate a mixture containing 50 % H,. To simplify matters
it was decided to set the "hydrogen depth" at 250 m. This led to an H,-~He-0,
trimix with 54 % hydrogen and a PH, which was fairly well maintained at the

2

bottam of 25.3 bars t 1 g, At the planned PH2 of 23 bars the level of narco-
sis would probably not have exceeded degree 1 for all six divers, but we would

have had greater difficulty in evaluating the limits.

The consistency of the results would appear to point to the existence of a
pressure reversal effect. But this is probably not the only factor which
accounts for the hydrogen tolerance at 450 m -— another, partial, explanation
could be the gradual increase in PH2 from 250 m on over a 26~hour period, a
factor which must also be taken into consideration. And isn't it also the
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case for the H.P.N.S. which slow camression delays and attemates ?

A more rapid transition from 0 to 25 bars of H, at the same depth would no
doubt have enabled us better to assess the role of each factor. We had envi-
saged this, but in view of the pathological éisorders which team A experien-
ced during the reverse changeover, we decided against it. '

If countereffect of PHZ/P)OQJL 4¢ in human beings is not definitively proven,
the reverse effect, P per ).se/PHz, no longer appears to be in doubt after ob-
serving the condition of the divers in the HYDRA V experiment. Four of the
six had participated in experimental saturation tests between 450 and 610 msw
with a campression profile down to 46 bars identical to the curve for HYDRA V.

H.P.N.S.

None of the six divers had HPNS symptams in the 300-meter zone. Nor did they
at 450 m on hydrogen. The now familiar clinical picture of HPNS was totally
absent. No tremor, no asymmettry, nor - prior to myoclonia — the tenseness
and febrility so characteristic of this syndrome. Normal nasal respiration,
thus absence of dysphagia, retention of appetite and an insignificant weight
loss ( 1,6 kg on_-the average for team B which remained on hydro-
gen trimix throughout, fram 200 m going down to 200 m going up. Another re-
markable phenamencon, was the complete absence of high pressure articular
syndrcme (H.P.A;S.) , or the "no joint~juice syndrame”.

This was such a contrast with what the veteran divers had experienced during
deep saturation dives on heliox or nitrogen trimix that in spite of the dis-
canfort of their spherical chamber and the constraint of confinement (inclu-
ding the background noise of a new envirormental control system), good spirits
- due also perhaps to a slight narcosis-— were a socic-psychological constant
of the Hz--He—O2 saturation.

GAS SWITCH

But team A, after 2 1/2 days on hydrox, was switched to pure heliox while
still at 450 m. The hydrogen was withdrawn in two stages with an 8~hour stop
on an intermediate mix with 30 % H,. Despite this precaution, in the hour
following the switch to pure helicx divers Al and A2 had a sudden onset of
HPNS with treamor, vertigo, nausea, agitation, anxiety and fatigue, Al having
the most pronounced symptans (cf. analytic table of symptoms, p. 4 - 2)
This critical phase of the syndrome was attenuated during the night under the
canbined effects of diazepam and sleep (a sleep rendred easier by the com~
fort of the bunks in a much larger chamber than team B's). And this in spite
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of additional campression of 20 meters in stages, between 17:00 and 23:00.
More about this later.

As for HPAS, or no joint juice syndrame, it was literally explosive, affec-
ting nearly all of the joints, which were painful even at rest and caused
apprehension lest this be associated with osteo—articular bends.

ISCBARIC COUNTERDIFFUSTION.

If, in spite of the HPNS, we decided to further campress 2 bars, it was be-
cause of the clinical manifestations of the iscbaric counterdiffusion pheno—
menon, which we could not doubt, regardless of certain ambiguities : Doppler
ultrasonic detection revealed a high number of circulating bubbles. For
example, 1 hour and 20 minutes after the gas change Al had degree 1 at rest
and A2, the most severely affected, 3+ | After 5 hours A2 still had degree 2
at rest (cf. G. Masurel, Ch. 9, p.5). And A2's vertigo was suggestive of a
labyrinthine accident, albeit apparently without nystagmus.

But one articular pain could conseal another, caused by bubbles, especially
in A2 and A3. Finally, the generalized rash with niggles and itching with
which A2 was afflicted confimmed a counterdiffusion pathology.

The rest of the time on heliox was characterized by decreasing H. A.and
stabilization of the HPNS symptams.

DECCMPRESSTON

The heliox decompression of team A following a well-tested procedure went off
without incident until the very last meter, almost at the surface, when the
pains in both knees felt by A3 were relieved by recompression to 4 meters,
pure oxygen via mask and a slow—down in decompression up to the surface (90
mimites per meter). :

The decampression of team B on hydrox with a decreasing hydrogen content to
0 at 200 m was a "first", with all of the uncertainties that any innovation
in this domain can entail. No doubt too slow at the beginning, the campres- -
sion brought the three divers back to the surface without any particular in-
cidents except for same arthramyalgia in the lower limbs felt by B3 at 12 m
and dissipated by two sessions of pure oxygen by mask.
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CONCLUSTCON

The men in team A spent nearly 27 days in their hyperbaric chamber, and team
B nearly 29 days. None of them suffered from exceptional fatigue given the
conditions of prolonged confinement at 450 meters'depth.

Besides, the diminutions in weight were rather small : on an average, 2.5 kg
in team A; 1.6 kg in team B.

The "recovery" time was variable and related to multiple factors.

One last remark : we are not sure that these experimental saturation dives
are less trying for the participants than operaticnal dives, for during

HYDRA V it was once again evident that the exercises and tests of all scrts
+o0 which the divers were submitted left them too little free time and re-

freshing rest.
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I - INTRODUCTION

Fifteen years ago, hydrogen-oxygen mixture experiments in monkey
have shown contradictory results. Brauer and Way (1970) reported an
attenuation of HPNS, but Rostain and Naquet (1972) did not f£ind in
baboon Papio papio significant changes between HPNS in helium-oxygen
mixture and HPNS in hydrogen-oxygen mixture.

Few years later, the study of the effect of helium-nitrogen-oxygen
in monkey (Rostain et al. 1978, 1984 a,b) have shown that the addition
of nitrogen improved some symptoms of HPNS under several conditions.,
From these studies, it appeared that nitrogen did not reduce HPNS if
the speed of compression of 200 msw/h was used,

Consequently, with hydrogen—-oxygen, the use of compressioh speed
of 200 msw/h was probably too rapid and traumatic, to have a signifi-
cant effect of hydrogen on the symptoms induced by such rate of com—
pression and the use of hydrogen in diving become again intefesting :

— low density of the mixture compared to helium or helium-

nitrogen—-oxygen mixture ;

- narcotic potency which might reduce some symptoms of HPNS,

New investigations were carried out with hydrogen to study the
effect of this gas in pressure, but at this time in man. A primary
neurophysiological study was performed during HYDRA IV - experiment.
This study shown that electroencephalographical (EEG) changes were si-
milar to those recorded with helium-oxygen mixture ; only the decrease
in the power of alpha waves was more intense when divers breathed the

mixture with hydrogen.
II - METHODS

The tremor was measured with an accelerometer "minor tremor pick
up" MT 3T of Nihon Kohden (1-100 Hz) placed on the -middle finger of the
dominant hand. The measurements were performed with the arm extended
horizontally from the body (épreuve du serment) during three epochs of
20 seconds, each repeated several times per day at the same hours. The
signals were analysed on line with a LSI 11/02 microcomputer (PLESSEY
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Micro II) and were recorded on analogical magnetic tape... The analysis
gave the mean amplitude of the tremor, the power spectra and the fre-
quency. The results were stored on floppy disk and were plotted on
printer, The curve was visualized on VI 105 monitor. They were ex-
pressed as percentage difference from control values. The final curve '
for each diver was plotted on digital table (BENSON).

The EEG actlvity was recorded from electrodes made of platinium
wires fixed on the skull for all the duration of the experiment. They
were implanted on fronto polar, central, mid temporal and occipital po-
sitions of the right hemisphere., The recordings were performed several
times a day at the same hours on an electroencephalograph and on ana-
logical magnetic tape by twin bipolar leads (fronto polar-central, cen—
tral-mid temporal, mid temporal-occipital) simultaneously in all the
subjects of each group. The magnetic tapes were processed by computer
(LSI 11/23 DIGITAL) in order to obtain the power spectra. The results
were calculated for each frequency band :

- delta : 1- 4e/s '
- théta 4= Tc/s
- alpha : 8-li4c/s
- beta 1 : 14-22¢/s
~ Beta 2 : 22-40c/s

The curves of the evolution of the power of each frequency band

»

expressed as percentage difference from control values were plotted on
digital table (BENSON).

The sleep EEG recording were preformed every night during predive
and dive. For this study the subjects put two skin electrodes around
the eyes which were maintained in place with sparadrap for the night.
The EEG of sleep were interpreted and the data computerized (DIGITAL
18I 11/23) to obtain occurence, duration and percentage repartition of
the stages of sleep and the hypnogram,

The statistical results wére calculated for a group of subjects in
the same situation (means obtained from the sleeps of predive and means
obtained from the sleeps at 450 msw) to avoid individual variatioms.
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IIT - RESULTS
1°) HYPERBARIC TREMOR
-~ GROUP A

The compression to 450 msw with a total time of 38 hours did not
induce increase of tremor. The tremor was not observed during the stay
at 450 msw in hydrogen—helium-oxygen mixture (fig. 1).

The shift to He-0p mixture induced tremor which persisted during
all the stay at 450 msw without hydrogen and during decompression until
200 msw ; it desappeared after this ﬂepth. ‘

The comparison of the amplitude between the stay in mixture with
hydrogen and the stay in mixture without hydrogen, shown an increase of
tremor only with helium-oxygen mixture which was between 50 and 1007
(fig. 2). The Mann Whitney U-Test gave no difference between the am-
plitude at the surface and the amplitude with hydrogen-helium-oxygen
mixture. The difference was significant between the signal recorded at
the surface and the tremor recorded during the stay in heliumroxygén
mixture (fig. 3) ; the difference was also significant between data
obtained with the two different mixtures at 450 msw (fig. 3).

The analysis of tremor during the shift from Hp-He-O02 to He-

O mixture gave interesting data.

The rapid shift from 547 to 307 induced an increase of tremer,
which appeared in all the subjects with different latencies (fig. 4).
The second switch from 307 to 0% of hydrogen induced a new increase at
least in two subjects (fig. 4).

- GROUP B

With the team B, the increase of tremor was not significant at
least in two subjects during compression and stay at 450 msw (fig. 35).
In one subject (B3), the tremor increased the second day of the com=-
pression (150Z). This increase disappeared the first day at 450 msw
and the tremor did not reappear during the stay at 450 msw with Ho-
He-09 mixture (fig, 3).
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Figure 1 :

Evolution of the middle finger tremor of the three subjects of
team A during the dive HYDRA V.

The incréase is expressed as percentage difference from control
value for the subjects Al, A2 and A3 from bottom to top. The shaded
portion represents the stay at 450 msw, The two vertical lines inside
the shaded zone represent the shift from 547% to 307 and from 307 to 0Z

of hydrogen.
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Figure 2 : ,

. Evolution of the increase of the middle finger tremor expressed as
percentage difference from control value during recording performed at
450 msw in Hp-He-0Og mixture (H9=54%7) from day JS to J7 and in He-

02 mixture (H9=0%) from day J10 to J13.
The subjects are put from top to bottom.
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Figure 3 :

Middle finger tremor during the stay at 450 msw before and after
the change of mixture. The results represent the mean calculated for
the data obtained the days J6 and J7 with the Hy-He-Op mixture and
for the data recorded during the days J10 to J13 with He-0o mixture.

The increase of tremor is expressed as percentage difference from
control value for each subject. The U-test of Mann Whitney is signifi-
cant between the values obtained with He-Op mixture and the values
obtained at the surface (black stars) and the values obtained with
Ho-He~Qy (white stars). The difference is not significant between

the values recorded in Hy-He-09 mixture and the surface.
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Middle finger tremor during the change of the mixture,
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The in-

crease is expressed as percentage difference from control value,

The subjects Al, A2 and A3 are represented from top to bottom,

The increase of tremor with 54%Z of hydrogen is represented on the

left ; thé increase of tremor 30 min, 3 hours and 7 hours after the
shift to 302 of Hp is represented on the middle ; the increase of

tremor, 1 hour, 17 hours and 26 hours after the shift to 0% of hydrogen
is represented on the right of the figure,
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Figure 5 :

Evolution of the middle finger tremor of the subjects of group B
during the dive HYDRA V.

(For legend see figure 1).
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2°) EEG CHANGES
-~ GROUP A

The compression with hydrogen-helium-oxygen mixture induced a de-
crease in alpha and beta activities in all lead. This decrease persis-
ted during all the stay at 450 msw. The return to comtrol value ap-
peared during decompression after 300 msw (fig. 6).

During the compression, the increase of slow waves was recorded
only in one subject (A3). This increase was around 200% for theta fre—
quency activities between 400 and 450 msw on fronto-central and centro-
temporal leads, This increase persisted around 1007 during all the
stay with Hy-He-0O9 mixture ; it desappeared during the stay in
helium-oxygen mixture (fig. 7). This increase was not recorded signi-
ficatively in temporo-occipital lead. The increase of the power of
delta activities recorded during the compression was around 100Z on an-
terior (Fp-C) and central (C-Tm) leads ; it disappeared after the shift
to helium~oxygen mixture. A decrease of the power of delta activities
was recorded in posterior lead (Tm-0).

A second subject (Al) presented an increase of theta activities
(around 100%) only during the stay in hydrogen-helium-oxygen mixture
(fig. 8). This increase was predominant on anterior lead (Fp-C). On
this subject, the theta activities were also depressed in posterior
lead (Tm-0). .

The third subject (A2) did not present significant increase of
theta activities (fig. 9). The power of delta activities was decreased
in all the lead of subjects Al and A2 during compression and stay at
450 msw,

The comparison of the data before and after the switch shown that
the increase of theta activities was recorded only with the mixture
composed with hydrogen (fig. 10). This increase was significant (Mann
Whitney U-test - P < 0,05) ; it was also significant comparatively to
the values obtained with helium-oxygen mixture (P < 0.02). The analysis
of the power spectra before the shift of the mixture show{a peak of
theta activity which disappeared with the helium-oxygen mixture (fig.
11). Nevertheless, at the end of the stay and at the beginning of the
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Figure 6 : .

Evolution of power spectra of alpha frequency band as a function
of depth on posterior lead (Tm-0), the eyes closed (E.C).

The increase of the power is expressed as percentage difference
from control values, '

The evolution of power is presented from bottom to top for sub-
jects Al, A2, A3,

The shadded pertion represents the stay at 450 msw ; the interrup-
tion of this shaded portion represents the change of the mixture,
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Figure 7 :

Evolution of EEG power spectra as a function of depth on ‘anterior
lead (Fp~C) of subject A3 during the dive,

The decrease of the power is expressed as percentage difference
from control values.

The evolution of the power is represented for each frequency band
from top to bottom : delta, theta, alpha and beta 1,

The shaded portion represents the stay at 450 msw., The interrup-
tion of this portion at JB8 represents the period of the change of the

" mixture. -
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Figure 8 :

Evolution of the EEG power spectra as a function of‘depth on ante-
" rior lead (Fp-C) of the subject Al during the dive.
(Fo;h;he legend see figure 7).
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Figure 9 :

Evolution of the EEG power spectra as a function of depth on ante-
rior lead (Fp~C) of the subject A2 during the dive.

(For the legend see figure 7).
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Figure 10 :

Increase of the power of theta activities on the anterior lead
(Fp-C) during recording carried out in Hy-He-0Op (H9=54%) at 450
msw from J5 to J7 and during recording in He-0; at 450 msw from J10
to J13, ,

The increase is exprgssed as percentage difference from control

value,
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Figure 11 : .

Power spectra of EEG activities recorded on anterior lead (Fp-C)
of subject Al, the eyes closed.

At the top of the figure the power spectra at the surface,

At the bottom, on the left, the power spectra with Hp-He-0s
(Hp=54%) the day J6.

At the bottom, on the right, the power spectra with 0% of hydi‘ogen
the day J12:-

comex




v neither be reproduced, used, disclosed, transmitted nor in any way made public without the written permission of the owner, any person in possession of this

« THIS DOCUMENT IS THE PROPERTY OF COMEX, all information contained herein ma

dacument acknowledges being bound by the obligation to treat it as confidentiain.

5-=16

decompression, the power of theta activities increased again until 1007
in subject A2 and even 200-300% in subject A3.

The change of mixture induced an increase of slow-waves especially
theta in fronto-central and centro—temporal leads in all the subjects
(fig. 12). This increase appeared in the first hour after the switch
to 302 of hydrogen and the maximum value (500% to 600% ihcrease) was
recorded for the test performed three hours later (fig. 13).

The second shift to 0% of hydrogen induced a new increase of theta
activities in two subjects which disappeared during the following 24
hburs. The subjects A2 seemed to have a depression of his EEG activi-
ties in every frequency bands analyzed. '

The increase of theta was characterized by the appearance of

bursts of slow waves of high amplitude (fig. 14).
- GROUP B

With the team B who stayed all the time at 450 msw with hydrogen-
helium-oxygen mixture, similar EEG changes were recorded,

During the compression, the power of alpha activities decreased in
all the subjects (fig. 15) ; this decrease persisted during all the’
stay at 450 msw ; it disappeared during decompression around- 300 msw
before the disappearance of hydrogen in the mixture. The power of beta
activities was slightly depressed at 450 msw in all the subjects,

The increase of the power of theta activities was more consistent
with this group ; it appeared on anterior (Fp-C) and central (C-Tm)
leads ; it was not recorded on posterior lead {(Tm-0). It appeared
during the compression in two subjects (B2 and B3) (fig. 16, 17) and
during the stay in Bl (fig. 18). The increase of theta activities
which was of 100 to 500% according to the subject, persisted during all
the duration of the stay and disappeared during the decompression at
different times according to the subject : rapidly in subject BI
(around 430 msw) ; around 300 msw in subject B3 ; it was always present
in subject B2 when we stopped recording at 160 maw.

An increase of the power of delta activities around 200-300% was
recorded on anterior lead (Fp-C) of subjects Bl et B2 ; it followed the
same evolution than theta activities,
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Figure 12 :
‘ Evolution of EEG power spectra of theta frequency band as a func-
tion of depth on anterior lead (Fp-C) of the three subjects of the team
A.
(For the legend see figure 6).
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Figure 13 :

Evolution of the power of theta activities of the three subjects
of team A during the change of mixture.

The increase is expressed as percentage difference from control
value. :

On the left of the figure, the increase in theta activities with
54% of Hp. On the middle, the increase of theta activities, 30 min,
3 hours .and 7 hours after the shift to 30% of Hp. On the right, - the
increase of theta activities, 1 hour, 3 hours, 17 hours and 21 hours
after the shift to 0% of Hj.
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Figure 14 :

Subject A3 : EEG with eyes closed at different times during the

change of mixture.
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Figure 15 :

Evolution of the power of alpha activities on posterior lead (Tm-
0) of the three subjects of group B.

(For legend see figure 6).
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Figure 16 :

Evolution of the EEG power spectra as a function of depth on ante-
rior lead (Fp~C) of the subject B2 during the dive,

(For legend see figure 7).
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Figure 17 @

Evolution of the power spectra as a function of depth on anterior
lead (Fp=C)-of the subjeet B3 during the dive,

(For the legend see figure 7).
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Figure 18 ;

Evolution of the EEG power spectra as a function of depth on ante-
rior lead (Fp-C) of the subject Bl during the dive.

(For the legend see figure 7).
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3°) SLEEP DISTURBANCES

The analysis of sleep of group B shown disturbances which appeared
the second night of the compression and persisted during the stay at
450 msw. The disturbances disappeared more or less rapidly during the

decompression.
a) Sleep duration

The sleep duration was decreased from the first night of compres-
sion in B3 (5H OO against a mean duration of 7H 00 during the predive)
(table 1) ; it was decreased from the second night in the subjects Bl
and B2. This decrease persisted during the stay at 450 msw ; it was
glight in Bl (30 minutes) but important in B2 and B3 (more than 2
hours). The comparison of the mean duration for the 3 subjects for the
3 nights of. the predive and 3 nights at 450 msw gave a significant de-
crease of 451,81 min + 39 min to 344 min + 70 min (Wilcoxon test : W=l
- P<0.01 - n=9)., During the compression, the sleep duration returned

to values which were near the predive values.
b) Sleep cycles

The number of cycles during the'sleep which was of fi&e per .night
during predive, decreagsed from the first night of compression to the
last night at 450 msw in subject.BB. With Bl and B2, this decrease was
recorded the second night of compression and the two first nights of
the stay (fig. 19). The number of cycle increased during decompres—
sion (6 to 8 cycles).

¢) Stages of sleep

The duration and the percentage of duration were disturbed.

The awake periods were increased. The occurence was increased
only in B3 and the changes for the group were not significant. The
duration and the percentage duration were increased at 450 msw compared
to the results of predive (fig. 20, 21, 22) : predive mean duration 16
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F . B.1 B.2 B.3
2 | Confinement 7H33 + OH19 7H56 + OH11 7HOO + OH26
s | J.5 6H46 8K00 7H15
| J.7 8H29 8HO6 7H10
21 J.8 7H49 7H45 6H28
£
i | Compression
g J.9 ' 6H26 8HO6 4H59
2 | J.10 - . 6HO4 6H21 SH23
: 5
| 2 |Séjour 450 m 7HOO + OH34 SH32 + 1H38 4HLT + OH29
; 5 | Ju11 6H56 4H20 4H46
| S Ja2 7H29 4H52
| 2 | g3 7H26 6H37 4H11
£ ] J.e ' 6H16 5H39 '5H21
g
£
2 | Décompression
s | J.1s 7H11 ~ 6HO3 6H17
2 | J.16 430m 8H12 7H50 6H38
3| J.17 410m TH42 6HA4 7H21
3 |-J.18 390m 7HS4 6H16 !
£ | J.19 350m 7H19 6H33 6H19
2 | J.20 325m 8H37 7HO8 7H28
< | J.21 300m TH52 6H22  6H26
£ | J.22 280m " 8H26 7H37 7HO7
5 | J.23 256m 7H4S 7H19 8HO4
35| J.24 230m 7H28 7H51 SH51
§21 J.25 2000 6HO9 6H37 6H21
£21 J.26 180m 6H52 : 6HO02
E
CH Table 1
§§ Duration of sleeps of the three subjects during the nights of the
Eg dive. The mean duration is given for the nights of the predive and the
Eé nights at 450 msw.
2
a3
3
2%
8%
nE
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Figure 19 : .

Evolution of the sleep cycles of the subject Bl, night by night,
during the dive, The histograms represented the duration of one
cycle : slow waves sleep (white zone) ended by paradoxical sleep (black
zone), The sleep cycles during the night are represented from bottom
to top. From left to the right, we have the nights during the predive
(conf), the compression (comp), the stay at 450 msw (450) and the de-
compression from 450 to 180 msw.
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Figure 20 :

Evolution of percentage duration of the stages of sleep of subject
Bl during the dive,

The stages of sleep are represented from bottom to top, from awake
periods to intermediary stages. From left to right, we have the nights
of the prehifé (conf), the compression (comp), the stay at 450 msw
(450) and the decompression from 450 to 180 msw.
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_ Evolution of the percentage duration of the stages of sleep of
subject B3.
(For the legend see figure 20).
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min - 3.49% of the sleep duration ; 450 msw mean duration 92 min - 217
of the sleep duration (W=0 - P < 0.0l), The duration of awake period
decrease during decompression. .

The stage 1 of sleep increased during the compression and during
the stay at 450 msw., The occurence increase from 16 during predive to
28 at 450 msw (Wilcoxon test : W=5 - P < 0,05). The duration and the
percentage of duration increased from 16,7 min - 3,45% during predive,
to 31,56 min - 7,22% at 450 msw (W=4 and W=2 - P < 0,05)., During the
decompression the stage 1 returned progressively to predive values.

The stage 2 of sleep presented different modifications. The occu-
rence increased slightly in Bl et B3 ; it decreased in B2. The com- °
parison of the mean occurence obtained from predive and from the nights
at 450 msw was not significant. The duration of this stage increased
in two subjects (Bl and B3) ; it was decreased in B2, The comparison
of the mean obtained during predive (152 min) and that obtained from
the nights at 450 msw was not significant. The percentage duration of
the gtage 2 was increased ; this increase was in relation with the de-
crease of the duration of the sleep in all the subject (fig. 20, 21,
22) : it was of 32%Z for the predive and of 407% at 450 msw (W=5 -
P < 0.05). The percentage returned to predive value during decompres—
sion around 300 msw,

The stage 3 decreased. The occurence decreased during the com—
pression and the stay at 450 msw (W=4 - P < 0,05). The duration was of
147 minutes during predive and was of 65 minutes during the stay at 450
metres (W=3 - P <0.05)., The percentage duration was decreased by
half : 31,86% for predive ; 14,777% at 450 metres (W=3 - P < 0.05). The
stage 3 was increased at the beginning of the decompression and retur-
ned to control value around 300 msw (fig. 20, 21, 22).

The stage 4 decreased and even disappeared in some subject. The
occurence become around zero (W=0 - P < 0.0l). It disappeared in B2
and B3 during the compression and the stay at 450 msw ; it disappeared
the f£first and the second night in Bl, The duration and the percentage
duration also decreased (W=0 - P<C0.0l). The stage 4 did not reappear
systematically during decompression (fig. 20, 21, 22).

The paradoxical sleep decreased. The occurence decreased during
the compression and during the first nights at 450 msw. The duration
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was of 71 minutes for predive and of 46 minutes at 450 msw (W=1 -~
P < 0.01). The percentage duration decreased from 15% during predive
to 10Z at 450 msw (W=5 - P << 0,05)., The paradoxical sleep returned to
predive value at the end of the stay or at the beginning of the decom-
pression (fig. 20, 21, 22).

The intermediary stages followed the evolution of the paradoxical
sleep. The occurence, the duration and the percentage duration de-
creased (W=2 - P <0,0l), They returned progressively to control

values during decompression.
IV - COMMENTS
1°) CLINICAL SYMPTOMS

The neurophysiological studies performed during HYDRA V have shown
that hydrogen~helium-oxygen mixture with a percentage of 54Z of Hp
did not induce tremor or other clinical symptoms of HPNS (dysmetria,
fasciculation, drowsiness). The transient tremor recorded on subject
B3 seems to be in relation with a stress due to the thermal incomfort.
This is confirmed by the fact that the tremor disappeared when the
thermal comfort is found by this subject. '

The comparison of these results with those obtained with the same
curve of compression but with other mixtures shows that the values of
tremor obtained in this dive are the lightest and that they are at the
lower part of the scale of the values obtained with He-N9-0g mix-
ture. The tremor recorded with the same curve of compression in He-
Oy mixture is at the higher part of this scale (Rostain et al,
1984c, d). |

The suppression of tremor and of other clinical symptoms of HPNS
indicates that the hydrogen-helium-oxygen mixture with 547 of Hgp is
efficient to prevent the appearance of these symptoms.

The tremor appears rapidly after the change of the mixture, This
phenomenon might be the consequence of the disappearance of hydrogen
which was necessary to suppress the tremor ; it might be also the
consequence of the fast increase of helium and in this case it would be

equivalente to a rapid compression. The persistance of the tremor
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after the shift suggests that the two phenomenons are present,
2°) EEG CHANGES

The EEG changes are characterized by a decrease in alpha frequency
activities and by an increase of slow waves especially theta., The de-
crease in alpha frequency activities was also observed during HYDRA IV
experiment (Carlioz et al. 1984). Nevertheless, during HYDRA V, with
the team A this increase was equivalent with H9-He-02 and He-09
mixtures,

The increase in slow waves appeared duriﬁg the compression or the
stay with Ho-He-09 (100 & 5007) is similar to those recorded with
the same compression curve in DRET 79/131, ENTEX V and VIII experiments
where the mixture was helium-nitrogen—oxygen (No:5%) (Rostain et al,
1983, 1984¢), or during ENTEX IX at 450 msw with helium—oxygen mixture
(Rostain et al., 1984c),

With the team B, this increase in theta activities persisted
during all the stay and desappeared during decompression at depths ana-
logous to those noted for other decompression,

With the team A, the increase in theta activities was accentuated
during the change of the mizxture. This increase appeared rapidly and
was intense in the three subjects. The decrease which was recorded
during the test performed 7 hours after the shift, suggests that this
manifestation is in relation with the rapid change of the mixture and
the sudden increase of helium partial pressure ; it might be equivalent
to a fast compression effect,

After the change of the mixture, during the stay at 450 msw in
helium-oxygen, the power of theta activities was equai or less than the.
power of the control values. This change which was never observed
before could be related with a secondary effect of the sudden change of
the mixture... This hypothesis would be confirmed by the progressive
increase of theta activities which was recorded at the end of the stay
and at the beginning of the decompression ; but the mecanism can not be
explained yet.

The results of EEG studies indicates that the Hy-He~0O9 mixture
with 54%Z of hydrogen induce similar changes to those recorded with He-
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N9—09 ou He-02 at 450 msw with the same compression curve,
3°) SLEEP DISTURBANCES

The study of sleep of the three subjects of team B at 450 msw has

shown :

a decrease of sleep duration

— an increase of awake periods

an increase of stage 1

an increase of percentage duration of stage 2

a decrease of stage 3

a disappearance of stage 4

a decrease of paradoxical sleep and intermediary stages.

These changes are recorded during compression from 300 msw and
during the first nights at 450 msw. An improvement is recorded for
some stages at the end of the stay, but the sleep disturbances disap-
peared essentially during the decompression.

The sleep disturbances are similar to those recorded with other
mixtures. During a dive, generally the sleep duration decreased (Rap-
port DRET 79/131 ; Rapport ENTEX V)., The increase of awake periods and
stagé 1 are observed in every dives (Rostain et al. - 1973, 1981 ; Ros~
tain et Regesta 1976 ; Rapports DRET 79/131, 80/642, 83/1130).

The duration of stage 2 is not increase, contrary to the observa-
tions carried out in other dives ; but the percentage duration is in-
creased since the duration of the total sleep is decreased,

The decrease of stage 3 and 4 and even the disappearance of the
last ome is classically seen in diving from 300 msw (Rostain et al,
1973, 1981 ; Rostain et Regesta 1976 ; Wilcox et al, 1976 ; Towsend et
Hall 1978). |

The decrease of paradoxical sleep and of intermediary stages is
not recorded systematically during other experiments. This decrease
has been observed at 430 msw in ENTEX V experiment with He-N9-09
mixture (Rapport DRET 80/642). A such decrease is observed generally
at greater depths (610 msw for example : ENTEX IX : Rapport DRET
83/1130).
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As we sald before, the sleep disturbances have a similar evolution
that the other symptoms of HPNS and these disturbances must be consi-
dered as other symptoms of HPNS (Rostain et Regesta 1976 ; Rostain et
al, 1981). Parameters, such as temperature or incomfort of the pres—
sure chamber, do not play a primary role in the appearance of thig
troubles or in their intensity, but they may add to hyperbaric effects
notably in the case of thermal incomfort (subject B3 at the end of com~
pression).

Consequently, the sleep disturbances in hydrogen-helium-oxygen
mixture are similar to the sleep disturbances recorded with helium-
oxygen or helium-nitrogen-oxygen mixture during dives performed in the
same environmental conditions, At this time, with the number of sub-
Jects studied in Hy-He-0Op, it is not possible to evaluate the in-
tensity of the sleep disturbances comparatively to the results obtained

with other mixtures,
V' - CONCLUSION

The neurophysiological studies performed during HYDRA V have
shown :
- that hydrogen-helium-oxygen mixture with 547 of H; prevents
the appearence of clinical symptoms of HPNS ;
- that this mixture does not prevent the appearance-of EEG chan-

ges j

1

that this mixture does not prevent the sleep disturbances ;

that the shift of mixture induces the appearance of "HPNS symp-

toms".

The hydrogen~helium-oxygen mixture with 547 of Hy reduces or
prevents the clinical symptoms of HPNS ; this effect is probably in
relation with the "narcotic potency" of hydrogen which antagonizes the
pressure according to the observations or hypothesis of several authors
(Johnson et al. 1942 ; Lever et al. 1971 ; Miller et al. 1973 ;
Miller 1975). The suppression of the clinical symsptoms and the im~
provement of the comfort of the divers produce by this mixture open new
perspectives for future deep diving.
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It is now well known that diving conditions can adversely affect the intel-
lectual psychomotor performances of the diver. The degree to which they are
affected depends upon several factors whose roles have been more or less

ascertained. viz. :

- depth
- rate of access (as a function of depth)

- breathing mixture

The compression curve used for this dive was previously validated on 16 sub-
jects in three experiments with a heliumroxygen breathing mix to which nitro-
gen was added at each stop. This method resulted in an average decrease in
performance of 10 % for the Manual Dexterity test, 7 % for the Visual Choice
Reaction Time, and 15 % for Number Ordination.

The same curve was also used with a helium-oxygen mix, but only for two sub-
jects (ENTEX 9).

Since We had the opportunity to test this same compression curve with an
untridd mixture (Helium + Oxygen + Hydrogen), we used the same tests in order
to be able to compare the effects of two different breathing gases for the
same rates of access to 450 meters.

Very few references to psychometric measurements made in a hydrogen-base mix-~
ture are available in the literature, as few experiments hawve been carried
out. The problem is to ascertain two phenomena : first of all, are the per-
formances different on heliox and on hydrox; and secord, is there such a thing
as hydrogen narcosis ? The tests selected should make it possible to answer .
these gquestion.

66 m/s 450m A/10m | 450 m A+ 24/10 | 200 m / 10
M.D. - 93 -5 - 4 0
VchR-T- - 7 % - 5 + .1. + 3
N.O. - - 3 + 1 + 21
P.M.P. - - 20 - 14 - B
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CONCLUSTON

The results of the tests previously used for the same compression curve show
definite improvement over the helium—nitrogen-oxygen mixture results. Further-
more, 24 hours after reaching the bottom there is total recovery for the
alertress/concentration test and for the intellectual test of number ordina—
tion. For Manual Dexterity, as is commonly observed, there is no recovery evi-
dent during|the bottom time and it can well be said that this really is due
to the effect of the pressure itself, whereas the Reaction Time and Number
Ordination are more sensitive to the effects of compression.

The behavior of the divers at times could lead one to believe that the test
results would be mediccre. But actually they were perfectly capable of concen~
trating throughout the test period and of maintaining their performance levels)

For the psychomotor and mental promptness test, one which is perhaps more
constraining for the subjects, the results are definitely lower than for the
other tests, ~ 20 % on arrival at the bottomr and - 14 % the next day. This
test is much more sensitive to narcosis than the others - it was chosen for
this reason - and there is normally a certain amount of difficulty in assimi-
lating the instructions and performing the required operations quickly. The
tests given duringdecompression show a return to normal without any problems
resulting from the length of exposure. |
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INTRODUCTION

In 1983 the effect of hydrogen narcosis on human beings was described for the
first time when 6 divers were given a hydrogen-oxygen breathing mixture
(98/2) called hydrox. Although it seems as if this hydrogen narcosis (Fructus
et al., 1985; Carlioz et al., 1985; Adclfson et al., 1985) limited the use of
pure hydrox to 200 m or less, it did not preclude the use of hydrogen in di-
vers'breathing gas. For even when used with helium, ‘the decrease in gas densi-
ty, the principal cbject of this research, is still sufficient to make it
worth while. Furthermore the antagonism pressure-narcosis (Miller, 1977} could
make it possible to consider the use of a light narcotic gas (hydrogen) at
high pressures. '

The HYDRA V (Ma;y-;Tune 1985) experiment was the first in which divers were cam-
pressed and saturated on a hydrogen-hel jum—exygen mixture “(55/44/1) at 450 m.
Six divers participated in the experiment. Three of them tested a switch of
breathing gas without change of pressure and the other three were decompres-
sed to 200 m in the hydrogen mixture.

Hydrogen narcosis was studied by clinical cbservation, subjective question-
naires filled in by the divers, and psychophysiological tests by three diffe—
rent teams of scientists. Our group used the same tests as those used for

our earlier hydrogen dives :

- The Number Similarities (NS) and Multiplications (M) tests used by Bennett
(Bermett and Blenkarn, 1974; Bennett et al., 1982) in the study of nitrogen
narcosis and by Carlioz et al. (1984) during COMEX's Hydra IV dive in November
1983. | '

- The Paced Auditory Serial Addition Test (PASAT) and a Visual 4-Choice Reac-
tion Time (VCRT) test used in the Hydrox A dive carried out at the Swedish
National Defence Research Institute in December 1983 (Adolfson and Ornhagen,
1984) .

One of these, the VCRT,is apsychomotor test; the others assess the cognitive
functions.

MATERTAL AND METHODS

1 - Subjects

S8ix divers partipated in the experiment, 3 from COMEX, 2 from the FRENCH NAVY
and 1 from the INPP ('Inst:l.tut National de Plongée Professiomnelle). They were
divided in 2 teams, A and B. Team A was composed of 3 divers who had already
participated in dives to 450 mon a 5 % trimix, whereas only one of the divers
in team B had been at this depth before.
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Table 1 below gives some of the relevant information concerning the divers.

TABLE 1

Diver Age (years) Previous experience
Al 40 6500 dives for the French Navy

1 experimental dive : ENTEX 5
A2 35 Professional diver for COMEX since 1977

2 experimental dives : JANUS IV and ENTEX 9
A3 34 Professional diver for COMEX since 1977

2 experimental dives : JANUS IV and HYDRA IV
Bl 32 3500 dives for the FRENCH NAVY

1 experimental dive : preparation for ENTEX 9
B2 31 Professional diver for COMEX since 1979

1 experimental dive : ENTEX 5
B3 33 Diving instructor at INPP

Air dives

2 — Hyperbaric complex

The hyperbaric facilities were those of (OMEX's Hyperbaric Research Center
comprising : _

- 3 spheres (volume = 7 m3 x 3; internal diameter = 2.5 m) fitted out for
hydrogen use and designed for a maxdmum of 3 divers, with a very limited de-
gree of comfort. In fact, only 2 of the divers had burnks to sleep on, the

third slept on a mattress on the floor of the living sphere.

- a comfortable 6-person chamber used for the heliox phase (wolume = 33 m3;

internal diameter = 2.5 m)

3 - Dive profile

a) For team A

——— — — i s

- 2 days confinement at 10 m depth in heliox 80/20.

- conpression from 10 m to 450 m in 38 hours, in helium to 200 m, then in
hydrogen.

- bottom time at 450 m: 63 hours in mixture composed of 56 % Ho, 0,9 % 0, and
helium (mean PH, = 25.8bar; mean FO, = 0.4 bar), 8 hours in mixture camposed
of 30 % Hz--;'--o.9 %0, and helium (1'nr:>an-PI-I2 =13.8 bar), 172 hours in heliox
(0.9 % 02) ‘of which 54 hours at more than 450 m.-
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- decompression in heliox at a rate of 1.33 m/h (or 45 min/m) from 450 m to

15 m, then ! m/h from 15 m to the surface. The PC)2 was increased to 0.6 bar
from 450 to 350 m, then kept at 0.5 bar up to 120 m, then increased to 0.6 bar
up to 15 m, where the oxygen percentage was 24 %. The total decompression time
was 14 days 5 hours and 15 minutes.

b) For team B

vt e ke 08 s e

- confinement and compression same as for team A.

~ bottom time at 450 m : 104 hours in a mix of 54 % Hz, 0,9 % O2 and helium
{mean PH2 = 24.8 bar; PO2 = 0.4 bar).

- decompression in hydrogen mixture to 200 m with gradual elimination of hy-
drogen, then in heliox up to the surface, at the following rates of speed :
0.86 m/h {or 70 min/m) from 450 to 350 m

0.92 m/h (or 65 min/m) from 350 to 300 m

1.00 m/h (or 60 min/m) from 300 to 250 m

1.09 m/h (or 55 min/m) from 250 to 15 m

0.50 m/h (or 120 min/m) from 15 m to the surface.

The P()2 was increased to 0.5 bar from 450 m to 100 m, then to 0.6 bat from
100 to 15 m, where the O, percentage was increased to 24 % up to the surface.
Total decompression time was 19 days 10 hours and 15 minutes.

4 - Nitrox dive

During the pre-dive training period, dives to 66 m in nitrox 95/5 were carried
out in a smaller chamber in order to obtain references for nitrogen narcosis
equivalent to 80 m on air (PN‘2 = 7,2 bar). Compressicn tock 3-4 mintes, comp-
ression plus bottom time was 20 minutes, and decompression with stops tock 2

hours.

5 - Trimix tests at 450 m

The 3 members of team A were given a trimix containing 16.9 % nitrogen

(PH2 = 7.8 bar) for 40 minutes by mask during the saturation in heliox. The
purpose of the test was to study the effects of similar PN, at ‘different
depths.

6 - PSYCHOMETRIC TEST PROTOCOL

Most of the tests used to evaluate narcosis involve the higher cerebral
functions. This means that the mmber of the practice tests has to be balanced
to avoid learning effects and lost motivation due to bordom. It wasdecided that
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10 training rounds in the laboratory, 2 pre—dive controls in the chamber in
heliox at 10 m and 5 "post-dive" controls at the end of the decamnpression
should be sufficient. Decrease in performance is based On  individual compa-
risons and the Student t test for paired series is used to determine the degree
of significance.

The 4 tests were given at each session in the following oxder :

- Number Similarities (1 min)

- Multiplications (2 min)

- Paced Auditory Serial Addition Test (4 min)

- Visual Choice Reaction Time (4 min)

a) Number Similarities (NS)

The NS test measures alertness and the capacity for instantaneocus cbservation
(Bennett et al., 1982). The subject locks at 40 pairs of numbers containing
fram 5 to 9 digits and checks with a pencil a box for each pair where the mun—
ber on the right differs fram the number on the left. 6 different test sheets
are used to avoid memorization. The number of figures examined in one minute
and the number of mistakes are recorded.

b) Multiplications (M)

The M test has been used by several investigators to study air narcosis
(Bennett and Blenkarn, 1974; Adolfson, 1965). In our study the subject has 2
minutes to solve with a pencil as many as possible of multiplication problems
on one sheet of paper containing 40 prcoblems of 2 digits X 1 digit with carry-
over. Numbers 0, 1, 5 and multiples of 11 are not used. 11 different sheets of
tests were used to avoid memorization. The number of problems solved in 2
mimutes and the number of error are recorded.

c) Paced Auditory Serial Addition Test (PASAT)

The PASAT is a mental arithmetic test which has been used clinically to
measure the rate of information processes and which has been found to be a
convenient test for estimating individual performance during recovery from
concussion {(Gronwall and Wrightson, 1974; Gronwall, 1977). The PASAT has also
been used earlier to study narcosis while diving (Adolfson and Ornhagen, 1984;
Linér et al., 1985). The subject is fram a tape recorder, via headset, exposed
to a unit digit every 2 seconds. The task is to add the 2 latest digits and
deliver the answer orally. Thus, the 2nd figure is added to the 1st, the 3xd
to the 2nd and son on. For this study 15 series of 70 digits was used. The
experimenter evaluates the subjects' performance by counting the correct
answers, the wrong answers and the omissions. The replies are also recorded
in order to double-check the results later on and reduce the possibility of
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investigator error due to misunderstanding or misinterpretation.

d) Visual Choice Reaction Time (VCRTY

The VCRT test with 4 choices is a more complex test than the VCRT with no
choice used bir Shilling and Willgrube (1937) or with 2 choices used by
Kiessling and Maag (1962). A similar VCRT was used for previous experiments
with hydrogen exposure (COMEX, 1984). Adolfson and 6rnhagen (1984} used a
4-choice VCRT for hydrox exposure at 120 m depth, and the same test was stu-
died here. This 4-choice VCRT uses 4 Light-Emitting Diodes (LEDs) placed in
the 4 corners of a square drawn on a box. These LiEDs are programmed by a mi-
cro camputer program to light up at random. The test was to push a lever,
mounted on the box, towards the lit LED. The reaction time for pushing the
lever in the right direction is measured by the camputer in milliseconds (msec)
and responses in the other 3 directions are counted as mistakes. The subject

- is exposed to 80 light stimulations in each session, which are ramdom as far

as both direction and timing are concerned.

e) Test given during dive

Figure 1 shows the dive profile with the schedule. of the psychometric tests
given. During the nitrox dive to 66 m there were 3 test sessions in the air
chamber

= at the. surface before diving

~ during bottam time at 66 m

- during decampression stop at 15 m.

The PASAT and the VCRT were not given because the bottom time was only

20 minutes.

RESULTS

Figure 2 (&, B, C and D) shows the mean performances of the 6 divers % sd on
the 4 psychometric tests by day and experimental conditions. The individual
results and the curves of the 6 divers are given in the appendix.

Figure 2A : performances on NS test expressed in number of figures examined
in 1 minute, and number of errors.

Figqure 2B : performances on M test expressed in number of multiplications
solved in 2 minutes, and number of errors. _

Figure 2C : performances on PASAT expressed in number of correct additions
{(c), number of amissions (o), and number of errors (e).

Figure 2D : performances on VCRT expressed in milliseconds (msec) and number

of errors.
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HYDRA V dive profile and PH

1

3.

10

MAY

Fyggge-l
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Practice runs at surface in laboratory
Reference tests in chamber at 10 m in he
4, 5 Tests during compression at 142,
Tests in hydrox at 450 m

Tests in heliox at 450 m {(team A)

Tests on heliox, then on trimix with N2

Number Similarities and Multiplications

Tests at the start of hydrogen decompres

JUNE

of the psychometric tests :
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245, and 400 m

at 450 m with mask (team A) :

sion at 420 m {team B)
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PIGURE 2

Mean performance of the 6 divers of Hydra V + $d on the 4 psychometrle tests,

CT—™1 PHZ = 5 bar

PH2 #» 20 bar

PHZ = 25 bar

A : performances on Number Similarities test expressed in number of figures
examined in 1 minute and number of errors.

B : performances on Multiplications test expressed in number of multiplications
solved in 2 minutes and number of errors.

C : performances on Paced Auditory Serial Addition Test expressed in number of
gorrect additions {(e¢), number of omissions (o} and number of errors {e).

D 1 performances on Visual Cholce Reaction Time in thousandths of seconds (msec)

and number of errors,
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1 - Number Similarities

Figure 3 (A and B) shows the mean variation of the performances shown in

Fig. 2 in percentage relative to the reference value (average of 2 tests at
10 m in heliox for Fig. 3A. The reference value for tests with nitrcgen
shown in Fig. 3B is the result obtained immediately preceding the nitrogen
exposure) .

The test is effectively learned in 4 sessions and the performances in heliox
at 10 m do not differ significantly fram the pre-dive tests. During the ni-
trox 95/5 dive to 66 m the mean deterioration for the divers relative to the
surface references in the chamber was 16 % (P < 0.0l1) but the reference value
was higher than the average level of performance at the surface. The dete-
rioration in performance is pronounced for 5 out of the 6 divers. Diver B3
showed little variation except for an increase in the mmber of errors. The
tests carried out during compression do not show any significant variations
until 245 m. Deterioration is noticeable from 400 m on but it does not become
significant until the second test at 450 m (P < 0.02). For the 3 subjects
who changed gas at 450 m (hydrox 56 % - hydrox 30 % + heliox) a scmewhat
higher performance was recorded in the 30 % H, mixture and in heliox. The
difference between the mean performances in hydrox 56 % and heliox at 450 m
for the entire series of tests is 12 $ . The performances of the 3 subjets
in heliox at 450 m does not show any difference from the performances at
10m (-1 %). ‘

At 450 m 3 subjects breathed by mask first heliox and then trimix with 16.9 %
N2. The performance in the NS test was -4 % T 19 when breathing trimix, which
is considerably less than the mean reduction for the same 3 subjects during
the 66 m dive on nitrox : 18 % o mhe corresponding value for the whole
groupe was —-16 % t 7 (P < 0.0},

At the end of the decanpiession the NS tests show significantly higher per-
formances than in the control situation (P < 0.05; P < 0.01).

2 = Multiplications

Figure 4 (A and B) gives the results in the form of percentage of variation
{mean L sd) relative to the reference value (average of 2 tests at 10 m in
heliox for Fig. 4A. The reference value for tests with nitrogen shown in
Fig. 4B is the result cbtained immediately preceding the nitrogen exposure).
The practice sessions at the surface get progressively better (see Fig. 2B)
and the values in the confinement at 10 m are close to the averages for the
practice period. A deterioration averaging 16 % ENTY 1s cbserved for this
test during the nitrox 95/5 dive to 66'm (P < 0.05), particularly clear for 4
of the 6 divers. For the other 2 the variation showed up mainly as an increase

comex




« THIS DOCUMENT IS THE PROPERTY OF COMEX, all information contained herein‘ﬁi'év neither be reproduced, used, disclosed, transmitted nor in any way n;gde public without the written permission of the owner, any person in possession of this

document acknowledges being bound by the obligation t© treat it as confidentialn.

Parformance variation in

percentage {%)
+ 20

*h
= | !
- 30 L
10 142 249 400 450 450 450 450 450 450 450 450 420 End of decompressicon 66 450 DEPTH {m)
0 4] 5 20 25 25 25 25 13 ¢} Q c 19 0 )] Q Q 4] 0 0 PH2 (bar)
0 o i Q Q 0 0 4] ¢} 1] 0 0 o 0 o 0 4] 4] 7.2 7.8 PN2 {bar)

Figqure 3 (A and B)

Mean variation of the pexrformance (i Sd) on Number Similarities test in
percentage relative to the reference value {average of the 2 tests at 10 m
on heliox for Fig. 3A, preceding test for Fig. 3B ~ For details, see the
text) for the 6 divers of HYDRA Vv ==}, or for only 3 divers 1.

¥ P < 0,05

%% P < 0.01

ke P < 0.001
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Performance variation in
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in the number of errors. The degree of deterioration appears less, however,
since the reference test results in the chamber were somewhat low. During
hydrox saturation there was considerable individual variability froam day to
day as well as considerable variability among the individual subjects. But
the increase of the PH2 at 400 m and 450 m produced significant deterioration
(P < 0.01) in the results only for cne test at 450 m. The 3 divers who swit-
ched from hydrox to heliox at 450 m showed improvement in performance in the
intermediate gas, which continued in heliox afterward. The percentage of mean
variation between hydrox 56 % and heliox at 450 m was 19 %. When breathing
trimix with nitrogen at 450 m the 3 divers showed an average deterioration in
test results of =27 % t 12, For a similar PN, but at 66 m, the deterioration
for the same 3 divers was =22 % - 6.
The measurements at 420 m at the beginning of the decampression for 3 divers
who had spent more than 4 days in hydrox was : -7 % compared to the reference
value at 10 m.
At the end of decamwpression the 6 divers have recovered their pre-dive perfor-—
mances with a more stable response to the test. '

3 - Paced Auditory Serial Addition Test

Figure 5 shows the same resﬁlts as Figure 2C but expressed as mean percentage
of variation x Sd fram control (mean value of 2 tests at 10 m in heliox) in
the number of correct additions. The PASAT could not ke given during the ni-
trox dives and trimix breathing at 450 m for technical reasons (too short
bottan time, commmnication problems).

We did observe the following :

- good mastery of test in surface practice sessions;j

~ during campression, a gradual decline in performance, accentuated at 400 m
(=17 %; P < 0.01) and then at 450 m in hydrox (~23 %; P < 0.01). 24 hours
following arrival at 450 m, no improvement was noticeable (=21 %; P < 0.05).
- a difference in performance of the two teams (team A : 2 subjects had more
or less reduced performances; team B : the 3 subjects had a decrease of per-
formances) and a considerable individual variation among the divers;

-~ a difference in the response of the subjects : the performance of same
declined by virtue of an increase in the number of errors, others by an in-
crease in the number of amissions, others by an increase in both.

- at the end of decampression all 6 divers had campletely returned to their
earlier surface performances on the PASAT.
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Performance variation in
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FIGURE 5

Mean variation of the performance (+ Sd) on Paced Auditory Serial
Addition Test expressed in number of correct additions, in percen-

tage relative to the reference value (average of the 2 tests at

10 m on heliox) for the 6 divers of Hydra V e ; Or
only for 3 divers — -] '
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4 - Vigsual Choice Reaction Time

Ficure 6 gives the results of the VCRT in the form of percentage of variation
relative to the reference value (average of 2 tests in heliox at 10 m). An
increase in reaction time is scored as a negétive variation. We did observe :
- mastery of the test at surface is gradual but clear (see Fig. 2D)
- the slight variations cbserved thereafter during the dive are not signi-
ficant (+2 to -2 % at 450 m in hydrox). The stay in hydrox at 450 m did not
significantly affect the VCRT results.
- for the 3 divers who switched from hydrox to heliox at 450 m there seamed
to be a greater decline in VCRT results in heliox as the variations found
were

-3 % at 450 m in 30 % hydrox

-7 % at 450 m in heliox (48 h after the switch)

=12 % at 450 m in heliox (72 h after the switch)
- at the end of decampression the performances were the same as for the

pre-dive surface tests.

5 - Camparison of the 4 tests and clinical observations

Figures 7 and 8 show a camparison of the 4 psychametric tests used. Fig. 7
gives the percentage of variation in performance compared to 10 m in heliox
for the 4 tests as function of the PH2 of the breathing mixture. The per-
formance on the VCRT test is the least affected, and the PASAT performance
the most affected. The performance on NS and M tests are affected by the
experimental conditions in about the same way. The detericration observed
for the PASAT seams to be proportional to the PH,. Fig. 8 shows the percen-—
tage of variation in performance for the 4 tests comparing results fram

the arrival at 450 m and 24 h later. The performances on these tests do not
improve after 24 h at 450 m, the performance levels remain poor for the NS
and the PASAT or become poor (M).

The performances of the NS and M tests could be compared with the perfor-
mances observed during HYDRA IV under a similar PH, at 240 m (COMEX, 1984).
For the NS test at 240 m with a PH2 = 24.5 bar the decrease of performance
in 6 divers was 6 %, and during HYDRA V at 450 m (PH2 = 25.5 bar) 11 %. For
the M test, the decrease of performance was 20 % during HYDRA IV but only
9% during HYDRA V. It appears that for the M test the narcosis experienced
by the divers during HYDRA V at 450 m was not so pronounced as at 240 m unden
the same PH,, but this is not shown by the NS test.

The slight but definite narcosis which showed up in hydrox at 450 m depth
was also revealed by the divérs behavior,-which is briefly analysed-here.
The normally serious and wellf-mtivated-cmlporunént' of the divers during the
tests was éiightly affected deeper than 400 m. At 450 m there was, however,
‘a difference in the 2 teams. In team A no diver noticed narcésis, however
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Percentage of variation in performance for the 4 tests as function
of the PH2 of the breathing mixture compared to 10 m on heliox, and
of the PN2 compared to the preceding test.
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3 divers felt a slight narcosis. Same of the divers were obvieusly euphbi:ic,

the behavior of one diver indicated a slight narcosis, whereas in team B all

others simply had trouble concentrating on the tests. Two divers were so
"relaxed" that they wanted to take the PASAT laying down instead of sitting
as all tests had been performed earlier. After a few instructions from the
surface personnel they settled down and took the test more normally, but 4
of them were aware of their difficulty in concentrating. The PASAT had to
be started over twice because the divers had lost their train of thought
and were unable to catch up with the progression of the test.

The narcosis did not seem to disappear or lessen, during hydrox saturation.
The divers'behavior remained somewhat variable fram one day to another. But
with a littler will-power or stimulation and motivation fram the outside
they were quite capable of contreolling themselves.

DISCUSSION

1 - Multifaceted influences

Interpretation of the results of these 4 psychametric tests is a rather de-
licate task in view of the cawplex experimental conditions and the simulta-
neous influence of sewveral different factors (campression, confinement, gas,
tamperature, etc..). In addition, the results of the other psychametric
and psychophysiological tests used in this dive are not always canparable.
It is also difficult to apply statistical methods to such 4 limited sample :
6, or even 3 divers, deperding on the case. :

a) Envirommental factors not particular to diving

Conginement

The influence of confinement is related to the length of time in confinement.
In our study there was no difference between performances on reference tests
at 10 m in heliox and the pre-dive surface values, except in the Multipli-
cations test (see Fig. 2). It would not appear that confinement is respon—
sible for the decline in this case, as the results of the same test at 142
and 245 m were close to the pre—dive performances. Thus confinement in
itself was not a significant factor during the first 3 days in the chambers.
At the end of the dive the divers, still confined, albeit in a larger cham-
ber had performances similar to the surface results and those of the be-
gimming of the dive. Confinement does therefore not appear to affect the
test results. The divers were nevertheless subjectively gquite sensitive to
the lack of canfort of the small spheres.

Test time
Although there is no statistical evidence, due to the amall number of
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divers and test occasions, it would seem that performances on tests were
better in the afternoon than in the morning. This cbservation is substan-—
tiated by the subjective impressions ‘of sane of the divers who had more
trouble of concentrating in the morning than - in the afterncon, and accords
with the ‘observations concerning the influence of circadian rhythm on psy-
chometric tests (FrSberg, 1975).

Length of time at maximum pressure

= .. For team A : no significant changes in the tests were observed after
2.5 days in hydrox at 450 m

= For team B : no tests were made on the bottam just before decampres-
sion began.
The results of the tests at 420 m with a decreased PH2 (19 bar) are not
sufficient to draw any conclusions concerning adaptation to narcosis.

Temperature

The canfortable temperature in hydrogen is slightly higher than in helium
(Smith, 1974). The problem of temperature control is as thorny with hydrox
as with heliox and minor variations of temperature and comfort may have
affected the test results. No tests were performed during a short period of
uncanfortable low temperétture the first morning at maximum pressure.

b) Factors peculiar :to diving

Compression and pressure

Rapid campression to great depth is usually accompanied by a decrease in
performance which is part of the HPNS (High Pressure Nervous Syndrome). The
canpression profile for this dive to 450 m was relatively slow and was used
previously for .

- DRET 79/131 dive (Rostain et al., 1980)

~ ENTEX 5 dive (DRET, 1982)

- ENTEX 8 dive (DRET, 1984a)

- ENTEX 9 dive (DRET, 1984b)

Unfortunately ocur series of tests was not used during those dives and there
is therefore no basis for direct camparison. Our subjective evaluatic;n,
however, is that the divers were in better shape during HYDRA V than during
these preceding dives (in heliox or trimix) where the pressure was high
enough to cause decline in psychometric test performances (Lemaire, 1980).

Gas

As a result of previous studies (6n1hagen, 1979; Brauer et al., 1982) it is
known that helium has little or no biological effect on the organism, and
that hydrogen has a ce.rtain narcotic potency (Brauer and Way, 1970; Fructus
et al., 1984; Gennser and Ornhagen, 1985). In the present dive the
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variations in performance cobserved could be due to campression, to pressure,
to the gas, or to the combined effects of all three. Unfortunately our se-
ries of tests has to our knowledge not been used during dives having a si-
milar profile or during a heliox dive, and thus it is impossible to diffe-
rentiate the effects of these factors. The M and NS tests were used by
Bennett et al. (1982) for deep dives in trimix to study nitrogen narcosis.
Nevertheless the divers' self-cobservations as well as their behavior and
test performances tend to indicate that the gas mix used at 450 m

(55 % H2/44 % He/1 %,02) had a slight narcotic effect. The rate of introduc~
tion to a given PH, seems to have same effects on the impairement of the
performances observed. The camparison of the results of the NS and M tests
during HYDRA IV at 240 m and HYDRA V can support such an hypothesis. During
HYDRA IV, the 6 divers were exposed suddenly to a PH2 of 24.5 by means of a
change of breathing medium. During HYDRA V, the 6 divers were campressed in
hydrogen fram 200 to 450 m (PH2 = 25.5 bar) in 26 hours. The difference of
deterioration on the M test (-20 % in HYDRA IV; =8 % in HYDRA V) could be
caused by the slower rate of introduction to a similar PH,. For the NS test
we camnot draw the same conclusion because of the small impairement observed
in HYDRA IV. '

2 = Appropriateness of tests for studying narcosis

A narcosis more or less proportional to the partial pressure of hydrogen was
expected. The tests we used for HYDRA V, were easy to use in a hyperbaric
context and had been used previously by Adolfson (1965) and Bennett and
Blenkarn (1974), for studying nitrogen narcosis and by Carlioz et al. (1985}
and Adolfson and Ornhagen (1984) for studying hydrogen narcosis.

The PASAT seems to be the most sensitive of these tests, (see Fig. 7) but
the NS also shows significant variations in 25 bar of hydrogen (see Fig.3).
The broad individual differences in the Multiplications and Number Simila-
rities test results may be imputed to variations in the power of concentra-
tion of the subjects, which is corroborated by the divers'own statements .The
VCRT does not vary as a function of 1'-‘H2 and PHe, which is in agreement with
previous findings during exposures to H2 (COMEX, 1984; Adolfson et al., 1985).
Kiessling and Maag (1962) demonstrated that performance in VCRT with 2
choices deteriorated (i.e. the time increased) by 21 % in 4 ATA of air. Un-
fortunately in our study, no measurements were made during the nitrox tests,
kut the same testing technique (4-choice VCRT) used in another laboratory
(Linér et al., 1985) showed a significant time increase of 7.3 % in air at
75 m depth.

It appears therefore that insofar as the cognitive psychametric tests and
clinical cbservations are concerned, the divers experienced " a slight
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but controllable” narcosis at 450 m in hydrox.

3 -~ Narcosis

In experiments with hydrogen exposure of humans published before 1984 no ob-
servations of narcosis were made. The reasons were different : Case and
Haldane (1941) and Edel (1969, 1972, 1974) made shallow expsoures : 10 and

7 ATA respectively. Zetterstr&m was deeper : 160 m (Zetterstr&m, 1948;
Bjurstedt and Severin, 1948), but his dives were open sea dives which made de-
tailed cbservations of narcosis difficult. Furthermore, Zetterstr&m shifted
fram nitrox at appr 60 m and hydrox breathlng to him must therefore have
seaned free from narcosis. COMEX (1984) and Adolfson and Ornhage.n (1984) re-~
ported narcosis during hydrogen exposures. The findings of Adolfson and
5rnhagen were only slight because of the relatively low pressure 13 ATA. The
COMEX experiments showed at a PHzof 24.5 bar such a degree of narcosis that
this seemed to be the upper limit for human exposures at the depth of 240 m.
In exposures at 300.m ternary mixtures with PH, of 23.1 and 19.2 bar were used.
Narcosis affects the cognitive processes. This was studied by Behnke et al.
(1935) using mental arithmetic problems in simulated air dives. The Paced Au-
ditory Serial Addition Test is not a mental aritlmetic test in a conventional
sense. The additions are so simple that any subject - irrespective of educa-
tion - is normally able to sclve most of the additions within the given limit
of time. However, PASAT also contains a factor of memory. A characteristic
quality of the normal consciousness is immediate memory, which makes it pos-
sible to coordinate previcus acts and experilences with camning actions. A re-
duction of the number of correct answers on PASAT can be caused by a deterio-
rated memory alone or in cambination with a slowing of the mental activity
and a reduced power of concentration. It is noteworthy that a camplex task
such as Multiplications test could be performed as well in a PH, of 26 bar
(see firgt measurement at 450 m) as in heliox at 10 m. This raises the ques-
tion of concentration and motivation. It is our subjective impression that

a fluctuation of concentration and motivation can be the explanation behind
the great variations of performance in rfon—paced tests such as Number Simila-
rities and Multiplications tests where the subject are left alone with the
test for a specified time period. In PASAT and reaction time measurements the
diver is "alerted" by the test every 2 to 4 sec. For the diver in water howe—
ver, it is important that he can stay mentally alert although the surroundings
are monotonous and do not give "alerts". For the future it is thus important
to desine tests to measure ability and willpower to concentrate.

During the HYDRA IV experiment (COMEX, 1984}, the Multiplications test
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seems to have been less sensitive to the divers'state of alertness. The
variations were smaller and the performances were proportional to the PHZ'
This difference is probably due to the different experimental conditions

in the two dives. In HYDRA IV the diver was breathing a new gas always

after a transfer through water to the dame. This kept him alert and motiva-—
ted for the tests. The performances on the multiplications tests in hydrox
and in air during HYDRA IV enabled us to evaluate the relative narcotic
potency for H2 to 0.21 of nitrogen (Carlioz et al., 1985). We can make the
same theoretical calculation for the three narcosis tests used in HYDRA V.

= PASAT : The mean deterioration was 18.5 % at 450 m depth with a mean

PH2 of 25.5 bar. Since we were unable to give the PASAT during the nitrox
dive to 66 m and during the trimix breathing period at 450 m the experimen-
tal conditions and the subjects could not be the same in our calculation.
However, the PASAT test showed a deterioration of 29 % at 75 m with a PN2 =
6.5 bar (Linér et al., 1985). Our calculations yield a HZ/NZ narcotic po—
tency ratio of 0.16.

= Multiplications test : the mean deterioration at 450 m was 7.7 % with a
PH, of 25.5 bar, and was 16 % at 66 m with a PN, of 7.2 bar, giving a

HZ/NZ narcotic potency ratio of 0.14.

= Number Similarities test : there was a decline of 10 % in the performance
at 450 m with a PH2 of 25.5 bar and of 16.3 % at 66 m with a PN2 of 7.2 bar,
giving a narcotic potency ratio of 0.17.

On the average the ratio is 0.16, which is not very different fram the
HYDRA IV findings of 0.21, but these results are a little lower than those
estimated by Brauer et al. (1982) : 0.25 on the basis of the studies conduc-~
ted by Brauer and Way (1970) and Kent et al. {1976). On the basis of the
Hz/N2 narcotic potency ratioc of 0.16 we estimate the narcosis experienced
by the divers in hydrox at 450 m to be equivalent tpthat felt on air at 45 m.
Our subjective observations of narcosis indicate a slightly deeper air
equivalent depth. However, as pointed cut earlier the narcosis seems to be
controllable and therefore it is not possible or advisable to make too vivid
interpretations of behavior during divers time off in chambers.

The evolution of narcosis as a function of time is as yet little known. Few
saturations have been carried cut in a narcotic gaseous atmosphere. However,
after 7 days in nitrox at 60 m (PO2 = 0.22 bar) (Hamilton et al., 1982}, the
narcosis is subjectively still present and test performances are variable.
More recently during a nitrox saturation of 6 days at 60 m (PO, = 0.4 bar)
(Muren et al., 1984) it appeared that the narcosis was ameliorated but did
not entirely disappear over 5 days. In our study, after two and a half days
in hydrox at 450 m the narcosis did not disappear, and we do not possess
sufficient results for the 3 divers who remained for more than 4 days in
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hydrogen at 25 bar.

4 - HPNS

The VCRT test has often been used during deep dives in heliox and trimix
(Bennett , 198la; 198lb; Bennett and Towse, 1971; Lemaire, 1980; 1982} and
normally an increase in the VCRT time is cbserved upon arrival at the bottam
(from +10 to +15 %). This gradually decreases during the period spent on

the kottam. The VCRT is probably not specific to the HPNS for it is also sen-
sitive to a strong narcosis (Kiessling and Maag, 1962). In our study, however,
the VCRT shows. no variation during the entire time in hydrox. Neither nar-
cosis nor HPNS is revealed therefore by this test, in hydrox. On the other
hand, for the 3 divers who switched to heliox while at 450 m, we cbsexrved a
tendency for the VCRT time to increase (+12 %), whichmay be correlated to the
HPNS symptams which appeared in this gas mix.

5 - Pressure - Narcosis reversal effect

Brauer et al. (1982) have established equations for calculating the level of
narcosis caused by a given gas at a given depth (arbitrary scale). For a ni-
trox 95/5 mixture at 66 m, the level of narcosis calculated is 6.08. For
trimix with 16.9 % N, at 450 m the level of narcosis calculated is 3.13. This
suggests that the level of narcosis felt by the divers during the trimix test
should have been about half that they felt during the nitrox dive at 66 m.
But this has not been verified neither by the results of our tests (e.g.

the Multiplications showed much greater deterioration on trimix at 450 m) nor
by the self-cbservation of the divers, who reported at 450 m a grade of nar-
cosis analogous to an air dive to between 60 and 80 meters. The results of
the NS and M tests performed during HYDRA IV at 240 m and HYDRA V at 450 m
under about the same PH2 (24.5/25.5 bar), showed great variation and were
difficult to interprete. Hence no conclusion regarding any possible pressure

reversal can be made.

6 - Experimental errors

a)l Erwton on Zhe part of the investigator

This could be a consideration, particularly for the PASAT, because of the
problems of unscrambling the voices and communications. To reduce the pos-
sibility of error, the investigator first did the scoring on the scoring
sheet. The question and answers were taped. The answers were then double
checked in the laboratory by listening to the tape without the original
answer sheet, and the 2 answers sheets were then compared.
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b} Cheating on the pant of the divers

When repeated tests are performed on men in long time confinement the "sport"
of cheating has to be anticipated. The VWRT is impossible to falsify but
PASAT, M, and NS could be more or less copied on the best of the divers or
the best diver could give help to the other divers. In this dive cheating
was found to take place during some of the lasttests of the post-dive control
series when both divers and investigators were tired and bored by the tests.
However, we do not think this had any impact on the results and interpre-
tation.

CONCLUSION

HYDRA V was the first instance where 6 men lived in a hydrogen-helium—-oxygen
atmosphere at 450 meters depth successfully.

The percentage of hydrogen in the mixture was around 55 % and the PH, 25.5
bar. Due to the PH, a slight but controllable narcosis was felt by and ob-
served in all of the subjects in varying degrees. The narcosis was evaluated
by means of 3 cognitive tests : (Number Similarities, Multiplications, Paced
Auditory Serial Addition Test) which showed moderate deterioration in perfor—
mance and a broad individual wvariability. On the basis of these tests the
narcosis experienced by the divers in hydrox at 450 m could be campared to
the narcosis during air dives at 45 m.

The 4-choice VCRT test used in this experiment did not show any significant
variation in hydrox, which seems to confirm the absence of HPNS.
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Depth (m) @ 0 0 0 0 ¢ ¢ 0 6 IS5 10 10 142 245 400 450 450 450 450 450 455 430 450 450 450 420 78/79 52/61 42/53 20/33 12/8.5
ya Gas aly air air alr alr air alrp aly nit- alx He He He H2 H2 H2 H2 H2 H2 H2 He He He e trbEH2 He He Re fAs e
i Piy (bac} r rox ! 5020 25 33 25 25 13 I MxILD
i chamber nagk
Al n 129 146 147 162 153 161 167 In} 136 194 1601AB 170 167 130 146 123 149 153 170 176 174 176 150 140 180 184 214 209 183
L LU | 2 1 1 1 t N 1 ¢ 4 2 1 1 1 1 2 4 90 0 t 4 2 0 t 2 1 4
Al n a1 93 101 98 101 98 92 120 97 02 107104 i@ {11 141 93 82 109 98 97 30 101 129 89 107 124 129 161 117 144
L] 1 t o0 0 0 ¢ ¢ ¢ 2 0 09O ¢ ¢ 1 ©¢ 0 0 0 0 O Zz 2 0 O Q o Q ] ¢
A3 n 124 140 146 154 157 168 174 168 136 155 {68131 144 15¢ 136 146 130 149 140 144 142 149 140 168 124 156 176 144 156 161
e ¢ 1 0o 0o 0o i ] It 00 1 E o 0 ¢ 0 0 1 2 LI 1 Q ¢ Q 1 [+]
Bl n 133 124 163 162 161 150 137 168 13C 174 161167 161 {76 15D 149 117 116 153 203 174 164 170 167
- 1 ¢ 90 3 ¢ 0 0 4 1 0 ¢ ¢ 0 0 0 2 O 3 1 L ] ] 2
B2 n 116 126 131 142 131 135 137 146 118 124 140124 136 156 140 131 123 118 161 176 167 144 156 150
L] 3 1 3 3 t 2 N 1 1 o & 1 0o 9 0 2 0 L} Q 2 o 1] 2
B3 n 109 133 131 137 148 135 131 153 150 144 146131 144 150 135 137 130 §d¢ 146 161 155 13 i56 162
. ¢z 0 ¢ t 3 ¢ 0 131 4 1 20 1 1 i1 2 0 0 . OO § 0 o 1 2
0 115 127 137 143 142 141 140 153 128 147 147140 146 152 134 §34 118 534 13D §37 136 41 148 136 124 153 167 164 64 161 t62
+8d 17 17 19 22 21 23 2% 17 17 33 20029 17 20 13 19 17 15 23 30 35 30 20 34 13 & 24 19 24 27 12
H 1.20.70.81.30.80,70,81,82,30,00,30.2 1.2 0.70.50.,26,50.2 0.7 t.7 0.7 1.0 1.9 1,7 1.3 1.3 0.3 0.7 ¢.3 0,5 1,7
+ 54 1,1 0,5 1,211,211 0.71.1 1,21.10,70.80.41.30.70.50,46.70.4¢,91.70.20.80,81.713.21.20.5 0.7 .7 9.5 1.4

Individual performances on the Number Similarities test of the 6 divers during
HYDRA V expressed in number of figures examined in 1 minute (n) and number of

- =+
errors (e). Means (n, ) - S4 were calculated.
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Depth (m) 66 142 245 400 450 450 450 450 450 450 450 450 450 420 End of decompression
PH2 (bar) © 0 5 20 25 25 25 2% 13 0O 9 O 0 19 O O O O O
FN2 (bar) 7.2 0 0 0 0O O O O O 0O 0 O07.8 0 O O O 0 @
a1 ~16 =3 -4 -26 -16 -30 ~15 -13 -3 +1 -1 +1 -7 +3 +5 422 +19 +5

[ ¥ =18 414 +7 47 =11 <21 #5 -6 ~7 ~14 -3 +24 +20 +19 +24 +58 +13 +39
13 -19 -4 40 -9 -2 -13 =0 -7 -4 -5 -1 +7 -26 +3 417 =4 +4  +7
BI -23 -2 47 -7 -9 -20 =17 -7 +24 +6 =~t +4 +2
B2 ~19 43 +18 +6 -1 -7 =it +22 +33 427 49 +18 +14
B3 _ =2 44 48 -3 -1 -6 +4 +5 +16 +12 +16 +12 +17
X “16 42 46 =5 <7 -18 w6 =8 =5 -6 -1 46 -4 47 +16 +15 +16 +12 +14
+ 5d 76 711 & 10 9 3 2 6 1 13 19 12 11 8 20 & 12

Individual variation of the performance on the Number Similarities test in
percentage (%) relative to the reference value (average of 2 tests at 10 m
on heliox, except for the tests at 66 m and at 450 m under N2 where the re-

: - 4+
ferences were the preceding test). Mean of wvariation (x} =~ Sd was calculated.
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OQepth {m) 0 0 0 0 ©0 0 0 O & 15 10 0 142 245 400 450 450 450 450 450 455 450 450 450 450 420 18/79 52/61 42753 20/13 12/8.5
Gas ) air air alr air air air air [ale niw alr|He lla He HZ H2 K2 R? K2 H2 H2Z He He He |He Erifi2 Qe He He Ka He
- i, (bar rox 5 20 25 25 25 25 13 wixhg
i 2 charbaer ma sk
%
Al L] 416 13 15 17 16 14 15 13 18 5 1S 19 20 14 9 14 17 14 18 16 15 17 16 14 16 18 16 17 14
a 5 10 5 5 3 7 4 5 160 & 4 & B B 9 0 & 4 2 9 4 5 & 6 4 L] 2 5 2 3
A2 » 25 24 26 24 10 248 37 20 2% 20 2@ 27 32 27 21 22 38 19 15 25 28 25 23 21 15 27 29 29 26 27
a 2 1] 1 1 1 3 0 4 2 t 4 0 1 2 4 3 3 H] 6 2 4 4 a ? 3 2 k] 4 ] 4
Al = J1 34 3% 20 39 39 3% 3) 24 35 32 3F 34 5 29 30 3% 32 31 38 1d 37 1@ 317 22 i 39 g 37 36
- s 1 1 2 9 1 2 2 L} 2 2 0 2 2 ] 1 2 k] 2 1 5 2 5 0 § F] 1 4 1 1
at n 6 8 21 22 21 W 23 22 |1 26 22 21 25 27 16 21 16 2 8 6 23 25 5 29
e 5 0 0 2 3 1 4 I | 1 3 4 4+ 1 3 2 ] 2 4 2 ] o 1 3
82 ] 19 22 2% 23 2) 22 21 23 22 22 22 19 35 23 25 1T 20 21 23 27 24 24 25 9
L } 0 1 5 3 2 3 4 6 9 ¥ 1 2 13 4 4 2 | 7 i 2 t aQ L}
1] [ ] 24 3¢ 10 3} 3% 27 30 20 27 31 30 311 36 35 25 3I7 29 3 2 31 29 29 32 o
a 0 1 2 31 4 ¢ 0 0 4 2 2 2 3 3 3 3 7 4 2 1 4 J 2 4
a W W/ M 18 6 W 25 I 27 25 W4 29 B 22 25 21 22 21 27 6 2B 26 2% 17 22 28 27 27 27 281
+ 5d 6 6 T 6 8 T 8 &6 5 6 & T 6 & 5 7 & 7 9 8 9 9 9 9 4 3 7 7 ? ] 7
N 3.3 242 1,2 3.0 2,7 2.7 2,2 2.4 5.0 2.0 2,7 2,2 2,5 2.8 4.0 1.8 1.8 2.5 3,3 4,7 4.3 3.7 3.7 2.7 4.0 4.3 2.0 2,0 2.8 1.2 3.z
+ Sd k% 3.5 1.6 1,5 £.2 2.2 1.7 1,7 2,5 1.9 1.1 2.2 1.0 2.4 2.4 2,9 2.0 1,3 1.9 2,1 0.5 1.2 2.6 2,5 0,8 2,1 1.0 1.3 1.8 0.7 1,1

Individual performances on the Multiplications test of the 6 divers during

HYDRA V expressed in number of multiplications solved in 2 minutes {(m) and

- -+
number of errors (e). Means {m, e) - Sd were calculated.
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Bepth (m) 66 142 245 400 450 450 450 450 450 450 450 450 450 420 End of decompression
PH2 ({bar) o] 0 5 20 25 25 25 25 13 o o 0 o 19 o [} o] o} c
PN2 (bar} 7.2 ] 0 0 0 0 Q 0 Q 0 Q o 7.8 ¢ [¢] 0 Q 0 0
Al =13 27 433 -7 427 <7 413 -7 20 +7 0 +13 ~13 +7 +20 +7 +13 -7
. A2 =25 416 ~2 ~24 -20 ~35 -31 -46 =9 -9 -5 =g =29 -0 +%6 +6 -6 -0
i_ a3 =27 +8 +11 -8 -5 -8 +2 +5 +21 +21 +18 +2% -4t +21 +24 +21 +18 +14
B1 =23 +16 426 -26 +7 -26 -44 -16 +21 +7 +16 +16 +35
B2 =4 422 +12 422 =17 -2 +2 +12 432 +47 +17 +22 +42
B3 =4 +14 +11 -21 +18 -8 -5 -8 -2 -8 -8 +2 -5
: =16 +17 +15 -10 +2 ~14 ~10 -16 +11 46 43 +6 =27 -7 +13 +11 +10 +11 +13
l + 5d 10 6 11 1e 17 12 20 22 5 12 11 16 12 14 12 1t 10 10 19

Individual variation of the performance on the Multiplications test in per-
centage (%) relative to the reference value (average of 2 tests at 10 m on
heliox, except for the 2 tests at 66 m and at 450 m under N2 where the refe-

-+
rences were the preceding test). Mean of variation (x} - Sd was calculated.
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pepth (B} ¢ 0 O 0 O0 O O 0 0 0 10 10 142 245 400 450 450 450 450 4S5 450 420 7879 52/61 42/53 20/13 12/8.5
& Gac air air air slr air air air alr sir sir He He He H2 H2 H2 H2 H2 H2? He He B2 Ha He fle He -1
b P, (bar) 5 02 25 25 % I 19
s -
Al & 18 29 10 37 38 40 )6 41 45 40 3B 48 45 42 34 13 43 3T 44 4L a0 Ja 36 44 46 48
a 46 35 35 27 30 25 22 20 14 18 19 13 10 13 19 3 ] 4 3 9 8 t9 24 13 e il
[ S 5 4 5 I 4 11 8 10 1t 12 B 14 14 16 23 18 B 22 1% 2 £2 9 12 1 2] io
A2 e 65 67 61 69 6% 59 66 64 64 67 67 66 6B 6B 63 51 65 36 845 87 &5 &6 [ 69 63 69
o 4 1 7T 0 4 0 2 1 Q 1 g 1 0 ¢ 2 0 0 3 2 o 0 2 1 0 2 o
L] Qo [} i ¢ 0o 0 1 4 5 1 2 2 H 1 4 1 4 1@ 2 2 4 1 1 ¢ 4 o
Al [ 60 60 67 &9 B8 £9 69 69 69 &8 68 67 69 69 66 6B 68 65 60 63 69 68 (=] 65 &8 6%
a 6 ¢ 1 o 0 0 9 0 0 0 0 0 0 O 1 1] 1 1 3 0 i ] ] 1 L)
a 3 1 1 0 1 9 0 0 0 1 1 2 0 0 2 1 1 3 Q0 3 0 ] 9 3 9 1]
81 e 47 55 56 SB 57 &0 58 61 5D 62 65 64 66 63 47 38 44 16 48 &8 69 67 66 [1]
-] 17 11 i1 6 B8 6 0 5 B8 6 3 2 1 4 16 25 17 30 14 t g 2 2 3
L] 5 3 2 5 4 k) 1 3 2 1 1 i 2 2 6 & 8 1 7 [ 0 o 1 0
82 o 30 3% %2z 36 37T 4t 46 57 56 53 52 61 S5 51 41 47 42 M} 51 62 65 63 62 60
o 30 26 15 32 26 24 20 11 33 13 12 8 14 1i 25 25 1 34 ta 5 4( L] 6 ]
- 3 4 2 1 L} 4 3 ] ¢ I3 s ¢ 0 7 1 2 3 2 4 2 ) 1 1 1
|2} o 51 64 68 69 69 69 69 68 6] 69 68 68 65 64 53 53 58 64 62 68 69 &8 69 L1 ]
o 12 3 0 0o ¢ 0o ©6 0 2 ¢ 0 O o0 0 1f 4 6 0 % o [} 1 b
a & 2 1 6 06 0 0 1 4 0 1 H 4 5 3 12 5 5 5 1 ¢ 1 ¢ 1
e 4% 54 6 56 56 56 57 60 59 60 G0 62 61 6D 5§ 48 53 49 53 57 58 54 62 63 63 62 63
* &4 16 15 13 15 13 12 13 % 8 10 1 7 10 11 12 11 54 1 11 1) & 3] 12 9 L] 8
B 20 013 12 11 1F 11 9 6 & & & 4 4 5 12 1 9 12 2 4 3 190 5 5 4 4 4
+ 54 15 13 1z 13 12 @@ 9 7 & 7 T %5 & 5§ 9 1% 9 14 1 4 4 5 7 9 4 3 4
e s 3 2 2 2 2 3 3 4 3 4 3 4 5 &1 7 9% @ 8 8 5 2 2 k] b 2
+ 8d 3 2 1 2 2 2 4 3 4 4 4 i 5 % s 8 6 9 10 a 9 i 4 3 4 5 4

Individual performances on the Paced Auditory Serial Addition Test of

the 6 divers during HYDRA V expressed in number of correct additions
{c}, number of omissions (o), and number of errors (e}. Means (5, 5,

and e ) t Sd were calculated.
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pepth  {m) 142 245 400 450 450 450 450 450 450 420 End of decompression

PE2 (bar} 0 5 20 25 25 25 13 0 ¢ 19 0 0 0 o} 0

ail +5 =2 =21 -23 0 -14 +2 -5 =7 =12 =16 +2 +7 +12

: a2 +2 +2 -5 -23 -2 «i6 -2 41 -2 =1 +1 +4 =5 44
- A3 +2 42 <2 #1441 -4 41 =7 432 +1 42 -4 o+l #2
Bi +2 =2 =27 =41 -32 -44 =26 45 +7 +4 42 +2

B2 =3 -10 -24 ~26 -26 ~42 =10 +10 +15 +15 +10 +6

B3 ~4 -6 =22 -22 -15 -8 -9 0 +2 g o] 0

x +1 =3 17 -23 =12 =21 40 -4 <2 215 41 32 +4 42 +4

+ s8d 3 4 10 12 13 16 2 3 4 B8 7 9 6 5 4

Individual variation of the performance on the Paced Auditory Serial
Addition Test (correct additions), in percentage (%) relative to the

raference value (average of 2 tests at 10 m on heliox). Mean of va-

riation (x) ¥ 54 was calculated.
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Depth (m) 0 ¢ © 0 0 0 0 0 O 0 10 10 142 245 400 450 450 450 450 455 450 420 78/79 52/61 42/53 20/313 12/8.5

Gas alr alr alr alr air alr air alr alr air He He He H2 H2 H2? H2 H2 H2Z He Ha HZ He He Ha Ha Ha
PH2 {bar) 5 20 25 25 25 13 19

Al t 335 325 315 326 321 3i5 307 303 322 286 286 307 31! 358 302 312 292 285 297 104 344 261 64 273 291 293
sd $8 &1 58 77 120 17 166 S1 83 48 60 76 68 &) 46 19 46 40 99 47 105 29 41 46 107 56

L] 4 2.0 2 0 2 0 1 ¢ o z 2 1 2 31 0 1 4 2 2 1 ? 2 1 2 1

A2 t 315 304 309 294 276 271 275 273 285 29% z84 290 293 297 307 300 280 205 206 109 128 274 219 288 00 274
3d 156 123 134 4% 26 35 M1 55 62 81 57 56 53 141 1)@ 29 49 69 54 7210 ki 85 77 b 26

e 3 0 1 1 1 1 1 3 0 i ] 1 4 4 1 [} 1 312 2 3 1 2 ] 2 3

A t 31T 322 37 Y04 297 312 284 294 289 285 298 107 1325 329 326 107 324 300 319 33 322 101 288 o8 301 288
Hd 54 46 51 43 M 3 33 27 )7 54 )4 40 44 63 46 il4d 45 65 6B 50 52 iz 28 79 58 24

a a8 4 k] 4 2 3 &6 8 2 1 5 9 3 3 4 5 7 4 2 & 1 4 5 H 2 1

11 [ 507 358 353 361 134 144 368 309 305 334 317 321 3t3 250 334 320 312 306 296 298 M1 314 298 292
8d 56 40 64 202 76 57 51 16 26 I¥ 4i 53 33 MW 64 28 27T 26 b I K] R T 57 55

. Q [} o 9 € 0 0 0 1 [ o 0 o 2 1 Q 1 1 [+] Q 1} } Q

ut 3 J61 152 250 187 J69 JE4 344 )40 28 )04 342 136 9 J24 315 338 139 347 330 368 326 32% 293 302
8d 70 34 S4 63 59 49 54 67 59 50 54 539 T} 41 58 67 5‘9 55 54 129 63 a7 45 47

- 0 1 o 1 3 1 4 0 0o o 1 o o & ¢ 0 0o o0 2z 2 ] ¢ 1 ]

g} [ 393 3179 363 164 130 332 143 326 313 324 335 129 342 1328 337 3t2 350 311 ELE I §1 e e i 137

sd 52 48 45 47 37 35 &4 37 15 42 48 35 52 19 45 I1 57 47 33 13 31 46 9 118

L] @ 9 o 0 o o 0 ¢ 2 0 1 o0 2 1 3 3 3 3 z i Q 1 2 ]

t 371 340 335 339 321 323 312 306 307 308 J10 15 319 324 322 1i5 318 306 301 315 33K 0 303 96 305 2 96

+ 5a 66 25 21 3 29 29 26 22 6 20 23 15 15 19 13 42 2y M i3 12 9 % 34 21 18 13 20

& 2.5 1.20.7 1.3 1.0 1.2 4,2 1.7 2.0 1.3 1.7 2.0 2.3 £.7 2.2 2.5 2.0 2.5 2.0 3.3 2.3 1.7 1.7 1.5 0.7 [y 0.8

+ 5d 2.7 k.9 6.1 1.4 1,2 1,0 2,2 2,220,226 0.613,21.91,5%,32,42,71.50,01,90 5 t.2 1.8 9.5 4&.5 1.1

Individual performances on the Visual Choice Reaction Time test of the 6
L+
divers during HYDRA V expressed in average time (thousandths of seconds)-Sd
- =+
on 80 light stimulations (t) and number of errors (e). Means (t, e) - sSd

were calculated.

Depth {m) 142 245 400 450 450 450 450 450 450 420 End of decompression
PH2Z (bar) 0 5 20 25 25 25 13 0 c 139 0 0 o] 0 0
Al -5 =21 ~2 -5 +2 +4 -0 =3 ~1§ +11 +11 +8 +2  +1
A2 -2 -4 -7 -5 =0 I -0 -8 -14 5 +3 -0 -5 5
A3 -7 -9 -8 =2 «T7 41 -6 -9 5 +1 45 =2 +1 +5
Bt 42 43 =2 <0 +2 +4 +7 #7432 +7 49
B2 +3 +4 +1 +0 0 -2 +3 =9 #4  +4 +14 +11
B3 “3 +1 -2 +6 -5 46 +8 46 +8 +4 +1 -2
& =2 =4 =3 -1 =2 #2 <2 =7 -12 46 +31 +6 43 +3 +5
+ 84 4 ¢ 3 4 4 3 3 3 4 3 6 3 3 6 4

Individual variation of the performance on the Visual Choice Reaction Time
test in percentage (%) relative to the reference value (average of 2 tests

-+
at 10 m on heliox). Mean of variation (x) - Sd was calculated.

comex




6 - 32 A

2

=

=

5

c

]

ﬁ Numbers/minute

«

, 8 |
‘R 00

R

c

c

g i

@ 150 &

o

s t o

c 1

= v

5 1

§ 1

2 100

c 1

2 1

P

-z |

S |

c

5 50 ,_u:rors |

b1 -

A S } .\

E -1

o 1

B -1 ] )

fr) I WY T Y il 1 T - ]

$ 3 %3

= surface 06615 102 ST 450m 450 m 4503 and of
g air sir air He He hydrox heliox Ha dacompreasion

nitrox 56% 308 trimix heliox

individual performance on the Numbar Similarities test of the divar Al during
Bydra V sxpreased in pumber of figures examined in 1 minute and number of errors.

Husberd/ainute
0
£30 i i
: e r l
; 1 H
, H !
! |
1 ]
00 - 1
I L}
I |
.
so | : i
Gz rors
I 1
-3 i |
-1 A | I
.1 /
¢ bk bk b i anj/:\iAxAL oA b bbb
v NN O
surface 06615 10 ~NTF 400 450 m 450 w end of
air air alr heljox hydeex ' heilox Fa decﬂ:ﬂﬂz&?smn
nitrox 564 0% trimix

individual performance on tha Hudher gimilarities tast of the diver AZ during
Bydza V expresswd in nushar of figuras exanined £n ) alputs and number of agzors.

Rumbars/winute

0 L
’ f
1
;
!

150 L

: 100 |

58 | arrers

-;)_-ﬂ___________ -

:_: AJA

-

SPEEA

[\ L
o 3
surface 06615 10 28§ 450a 50 m 450 = end of
air air atir Ee He  hydrox heliox He decasprassion
nitrax . 568 30% trimix helicz

Individual performance on the Rumbar Similaritiss test of the diver A) durlng
fydra V axpresssd in nvmber of fiqures examined in | sinute and nusbar of 4rvors.

« THIS DOCUMENT IS THE PROPERTY OF COMEX, all information contained herein may neither be reproduced, used, disclosed. transmitted not in any way ;};éde public without the w.

document acknowledges being bound by the obligation to treat it as confidentialn,

comex




6 - 33 A

p-

c

=]

D

=)

<

£

a Husbers/minuts
- ]

Bt w0 .
1 fa t

£ !

[ ! ’

g ' !

5 15¢ | ] I

a | 1

z i |

E { i

5 | )

g 100 |~ | I

|

(=] I

2 ! ,

- | |

¥ |

c so b ! !

S ez rors : :

g ! -3 1 '

[ -2 | 1 /

o L. 4 1

a 0 :‘\. T W Y T T .Y S W S N lx b 2t A X

g surfaca Q66 13 10 ggg 450 m 420 m end of

E aiy air aizr heliox hydrox 54% dacospression

E nitrox hellox

©

£

=]

5

Q

£ .

g Individual performance on the Humber Similarities test af the diver A1 durdng

2 Byden ¥ expressed ln nuobar of figures examined in 1 minuts and number of

&

‘ a arrors,
‘: . P
i o
[oe
N T tmbary/mirate

]

i w00 L ' |

& ' t

0 1 !

g I 3

5 I ]

< 150 1. !

'g ] '

k=1 ] :

g | .

g | !

E 100 |, | :

3 1

B P I

8 I

: | '

@& ] I

o 50 {. | I

o arrora 1 I

D -3 1 1

I
; HAVAVARS i AVA
. » 1 f

H ¢ ! AN I [T m bbb l/f | L 1

g \; wVi- 9

9 surface 06615 10 28 9 450 a0 4208 and of

§ air ajr air theliox hydrox 54 % dacqmpresaion

:, nitxox heliax

o

o

T

£ .

.g Individusl performance on the Humbar Similaritfes tast of the diver B2 during
) }u‘- Rydra V sxpressed in number of figures exsmined in | sinute and number of errors.
i IE
e

P

]

S

a5 Humbazs/minute

bz

Ec

K] 00 |-

Az}

8%

a5 ' '

[ I I

Suw i 1

é = 150 - ! ! A e?

= s O-n '

58 f i

o t i

R f b

| :

L
ﬁ_g (00 b | |
@ i |
g& 1 )
a 1
(S | '
52 ' :
s 'cﬁron 1 !

a¥:) N ! '

«o | !

we -2 i [

&3 -1 \/—'-\ I /

o ¢ e Lo 41 i P LY W S W | h L.d,

o

2 8w o

Yo mirface 06515 103X Q 4500 40w and of

).ﬁ atr air air haliox hydrox Sdv decomprension

ny nitrox heiiox

=3

&3
i =9 Individuyl performance on the Humber Similarities Test of the diver B33 duting
i 3-§ Hydra ¥ sxprassed in number of figures examined in | minute and sumber of

S 2 srrors,

a
SE
E 2
o
e
E
comexXx




6 - 34 A

15

Multiplicationd/2 sisutes

40 p I f
¢ t
4 1
B F '
! !
L i
| f
| |
i
1
i !
I
! i
0 j= 1
T 1 (\) M
{ 1 I
errors t !
10 Lo ) }
5 A ,
% ]
-4 ' ' “~
. ~2 i I
0 Aotk L fbond PRI R A T T U 1 Al ) i P |
Nwmo
surfage 96615 10 ING 450 m 450 m 450 m end of
air alr ailr hellox  hydrox haliox He decoupression
nitrox 6% 6 trimix heklox

Individual performance ou the Hultiplications test of the diver Al during Hydra V
exprassed in number of muitipiicarfons solvad In 2 minutes and number of errors.

Maltpilications/2 minutas

qop
WL
Mj\’ v e
20 -
N 10 larTors
-6 .
NIV, N YAV o N

N Q
aueface 0 6615 10 2 J T 450w 450 @ 450 m end of
di
air air #lr haliox  hydrox helicx fe h::'::i"”io“
nitrax s64 108 trimix

Individual performance oh the Multiplications test of the diver A2 during fAydra v
sxprassed (n mmber of sultiplications solved in 2 minutes and number of errors.

in may neither be reproduced, used, disclosed. transmitted nor in any way made public without the written permission of the owner. any person in 5ossession of th

@
a
£z
=T '
4.5
=
© O
EE Hultiplicatigna/2 minutes
8%
=0 0 L | '
Sa H aﬁo\o
2= ' :
- \ |
ol
- @ } t
E - 30 N ’ '
=8 ' i
i | |
s | |
]
=3 ' !
o3 0 b !
o3 ; y
&8 i i
- M \
) ]
¥ !
[« o] to |errorm i i
(1T ] 1
&3 |
o8 ¢ | :
[y ] = |
w3 - \f/‘\ A, : *Aj
T3 [} L PR P i P [ S A T | ! 1 A
o 3% %
L2 surface 06615 10 7N ¥ 4504 450w 450 3 end of
-3 ' air air alr heliox  hydrox nellox Ha decespression
z$ nitrox 560 erimix heliox
&3 308
;s g8
P 3§ Individual performance on the Multiplications test of the divar A} during Hydca ¥
8‘&' exprasssd in mumber of multiplicstions molved in I atnutes and number of errcrs.
@
wE
T3
5]
%8
comex




6 -3 A

Hultiplicacions/2 minutes

f the owner, any person in possession of this

0 L
b |
1 {
! :
30 L } H
I
1
!
¥
0 i, !
I i
t t
=] I |
<
3 ! !
ol i '
arrors H 1
-6 | ' |
N \ ' 1
- ; e
0 1 M f/i\f Loded M S T | J.\-l. w1
oo
urface 06615 10 XJF 450m 420 @ and of
air alr alr heliox hydzox 34% decompression
nitrox heliox

Individual performance on the Multiplications tast of the diver Bl during
Hydra V expressad in nuzber of multiplications solved ln 2 minutes and
number of errors.

Muktiplication/2 minutes

40 L , \

}
' !
| '
0 L. } !
H 1
] ¥
i I
¥ 1
%90 '
1
20 ! N
! 1
! I
] 1
: 1
I
104 : I
Srrors { :
-6 1 ,
. -4 1 I

-t ! ' r’\f

a 1 A ol i Y | 1 1

o no
+ g0
qurface 06615 10 = 97 430 s 420a and of
air alr alr heliox hydrox S4% decomprassion
nitrox heliox

y neither be reproduced. used. disclosed, transmitted nor in any way made public without the written permissi

Individual performance on the Hultiplications test of tha diver B2 during

T
it ‘€
e € Hydra ¥ axpresned in numbar of multiplications ssived in 2 wminutes and
' g ruaber of arrore.
LS
ns
2
g_g Malcipiications/2 minutes
%
Q
3 w0
Sw i i r
g o ' '
E# 1 1
= {
o
29 !
£8 t
=09 L J : 1 %
E R 1
; § t :
ks ! !
2o ! i
r=} -
Q9 L ] 1
w oo 1
&2 | |
-3 ! |
& 1 1
£5 “r ! !
(=] [J2 {4 ] 1 i
= —-& 1 i
o = !
c 4 :
ws -1 J/"\ /\ H i
Eﬁ [ PEE I L WY Alew 1 L4 L 4Ly bk kbl
us surfacs 0 66 1% 10 33
g ~ v 450w 420 m and of
Lzug air air air heliox hydrox 54% decampression
= 2 nitrox heljox
33
Qe
a S Individual performance on the Multiplications tests of the diver 3) during Bydra Vv
% g expressed in mmber of multiplications solved in 2 ailnutes and number of errors.
-8 .
Eh-]
cCoOmex




ther be reproduced. used. discfosed, transmitted nor in any way made public without the written permission of the owner, any person in i:‘u‘ossession of this

« THIS DOCGMENT 15 THE PROPERTY OF COMEX, alt information contained herein Fay ne

document acknowledges being bound by the obligation to treat it as confidentialy.

corTects

:::/,.w A asallb gl

g

omissions *

40 L

0

| e e A

errors !
0 :
Lo
“w ' v'\
o '
!
bbbl e bid saab ey opafy s iai
™
surface 10 I3 % 450w 45Cw end of
alr heltox hydrox heliox decoupression
564 os heliox

Iadividual performance on tha Paced Auditery gerial Addition Test of the
diver Al during Hydra V expresssd in number of correct additions, number

of omissions and numbey af errors.

carracts
]
[ N ;—N} -
80 | 1
1 '
i
40L 1
1
! !
0r 1 L}
1 1
] i 1
caisslons 1
60, I I
1
aof ; |
Wy | :
oy &No‘o-o.o.o o—o—-o-'o‘-ﬂ-o-o—"'*’{-o-o L]
errors | i
or ! 1
1
N ' |
! i
al M
| |
PYTEIE B W T T A W FETTRT PO U P TSN
'L E
surfaca 10 =+ 450m 450w end of
aie haliox hydrox heiiox decarpraasion
568 30% heliox

Individusl performance on tha Paced Auditory Seriak Mdition Test of the
diver Al during Bydra V expressed Ln numbar of correct additions, nusbar
of omissicns and Aunber of sryors.

corrmcty
r
! .
8 L o J )
!
04 !
‘ !
20 b ]
1
oL !
ehlasions !
60 o |
!
!
¥
I

40

OBW W o To-a

paaale NI

surface 10 450 a 4350 m and of
air heliox  hydrox hallox decompression
56 % JO heliax

Individual parformance on the Paged Auditory Sarial Addition Test of the
diver M) during Bydra ¥ axpressad in nimbar of corract additions, number
of omissions and number of srrors.

comex




f the owner. any person in possession of this

tSSI0N Of

y neither be reproduced, used. disclosed, transmitted nor in any way made public without the written perm

« THIS DOCUMENT IS THE PROPERTY OF COMEX, all information contained herein rﬁa

document acknowledges being bound by the obligation to treat it as confidentialy.

6 - 37 A

COorractd
o

20|

caissions
60

4wl

20

errors
20

L.M,o..l

MY R A | "

P I S O A T W W W | Ll

o~
aurface 0 ::.’.g 450 & 420 o and of

haliox  Bydrox 54% dacompression
s “ ¥ hellox

paced Auditory Serial Addition Test of the

indlvidual parformance on the
nather

diver Bl during Bydra V expressed in number of correct additions,
of ocaisalons and number of #rrors.
corracts

50 P
W[

20F

20

BErors
20 .

gy aa

A3k,

I

Aok '

surfacs 10 450 = 40 m and of
akr haliox hydrox 54 4 deccmpression
heliox

Individual performanca on the Paced Auditory Seriasl Addition Test of the
diver 82 during Sydra V expressed in number of carrect addirlons, number

of cmissions and mmbar of errors.

carragty
80 / v
AQF

itk 4

cmisalons
60 .

or
W
srrors
20p
10k

{;

,(

g-l-g-a

b d

PR S ST W OV T T S aoaale o a1y 1
393
surface 10 =N ¥ 450w 420 ard af
alr heliox hydrox 548 decoupression
helioxn

Individual psrfermanda on the Faced Auditory Serial Additfan Test of tha
diver Bl duripy Bydra 'V exprasasd in puaber of corract additions, nuaber
of cmissions and numbar of errors.

comex




f the owner. any person in possession of th

IS

ttten permission o

de public without the wri

in any way ma

y neither be reproduced, used. disciosed, transmitted nor

« THIS DOCUMENT 1S THE PROPERTY OF COMEX, all infarmation contained herein ma

document acknowiedges being bound by the obligation to treat it as confidentialy.

6 - 38 A

Weaction Lime
{zmac)

00 p
004
100 f erxors

.

0 1l i 1 Y m 13 i

I
!
l
t
f
|
]
!
I
i
l

e e L] SEpPUINE.  purpmmrsve. SR

2z

i
oy <
surpface 1w SRS s 450 a and of
alr heliox hydrox helfox  descompression
564 0% heliox

Individual parformince on tha Visual Cheice Rsaction Time test of the divar
Al during Hydza V expressed Ln thousandths of seconds {myec) and nuxber of

AT TOLS .

Raaction time
(wzec)

400 3,

00 R

00 4

$00 L errora

%

surface 10 T2 8as0m 450w and of
-
ale neliox hydrax heliox  dacompresaion

368 s

Individual parformance on the Viagal Cholce Reaction Tims test of the diver
A2 during Bydra V expressed [n thousandths of secords (msec) and number of

4rrore.

Ranctiontioe
{meac)

se]

W

Bl §

100 |, srrora

3
Q 13 bk bbed bald 1.1 ¥
surface 10 $58 40m 450w and of
- N
alr heliox hydrox haliox decoapression
6% 30w heliox

Individual performancs oo the Yisual Cholce Reaction Time teat of the diver
A3 during Hydra V sxpressed i{n thousandths of aeconds (mwec) and number of
errors. :

comex




8
=
- Reaction tine
< (manc) '
c [}
9 H 1
2 1 1
2 L | !
8 sag |
e 1 t
E : :
g 400 | ] ]
a I ]
g t !
> ! !
€ Wwe § ) )
@ i W
5 i !
5 ! %
2 00 & : H
£ i i
= H |
5 | |
[ toe L ) 1 .
2 arrcrs ] | '
4 . i ]
E I !
Qg o et :hw—v—o' PR Sy
smg
5 surface ] ] 450 = 420 B end af
31-? alr heliox hydrox 54% decompresaion
H heliox
@
£
=
2
g Individual parformance on the Viaual Choice Reaction Time test aof the
=]
§ diver Bl during Bydra ¥ expressed in thousandths of seconds (masc) and
g numbar of errors,
=
=
a
@
b=
\ E
> Rasctien tine , .
o {maac) ]
4 4
z |
o ! ]
- 4004 : 1
‘w 1
5 : |
=4 . 1
E 100p | :
E [} t
E ¢ '
w | H
& ! !
= 2004 t H
- t i
2 ' '
2 t 1
H 100} ! ¢
b~ errors [ !
« ] { E
g 1] ‘A;.(.\Q_A‘A_. LAJILJA:JI“‘,' Mot
. hd o9
B aurface 1 XA % 450m 420 and of
g alr heiiox nydrox 54% deccmprasaion
D
I3} heliox
=4
a
b4
@
o
o Irdividual pecformance on the Yiaual Choice Reaction Tima teat of the
% diver B2 during Hydra V exprassed in thousandths of ssconds (meect and
; nunber of arrors.

Reaction tiose

@
B
AL
[
¢
L]
T {maws)
g
=R 1 |
c2 : 1
QA |
c8 i
O n 400 p :
2a
a ]
< l ! l ]
é g 30 l
=3 o 1
=8 1 !
%5 i !
34 200 L
-+ ;
85 z
L oa }
(=5 100 jo :
z prrors
o )
E'\: 3 1 i
s '
53 0 Dttty e AT et
2
E o surfade 1 EE § 50a 420w and of
w.s air heliox nydrox 54 % decompreanion
za heliox
g
bg
°
E o
i
/ = ‘é‘ Individusl performance on the Visual Choice Reaction Time test of the
K s 2"
5 é 3 diver 83 during Bydra V eapraszed in thousandths of seconds (msec} and
Qg maber of arrora.
2]
2
)
=]
E -]

comex




comexXx

Toulon-Naval

HYDRA V

VENTILATORY TOLERANCE TO EXERCISE

P. GIRY, EASSM-CERB,

) ‘WRNUEPYUOD se 1| 1east 01 vonebiqo ayl Aq punoq Suaq sabpaMounoR tUSWINIOR
SIS Jo co_mmmm.moa Ul uosiad AU “ISUMO UL JO UOISSIWIBD USHLM SU1L INOYIM Dqnd 9pRW ABM AUZ Ul I0U PANIUSHRI 'PISOISIP 'PASN 'Padnposdal 3G JaYiRu ARG WBaYy PAUIRINGD UGNEWION I8 "XIWO0D J0 ALH3JONd 3HL S INIWNI0Q SiHL »




produced, used, disclosed; transmitied nor in any way made public without the writien permission of the owner. any person in poésession of this
Ll .

« THIS DOUUMENT IS THE PROPERTY OF COMEX, all information contained herein Enay neither be re

document acknowledges being bound by the obligation 10 treat it as confidentialy.

VENTILATORY TOLERANCE TO EXERCICE DURING AN
HYDROGEN : HELIUM : OXYGEN SATURATION DIVE (HYDRA V).

P. GIRY (=), A, BATTESTI (%), H. BURNET (+) and R. HYACINTHE (%),

Uasing Hydrogen as a diluent gas for diving has been thought of
sinece 1930 (1). The first actual human experimental dives using this
diluent gas feor Oxygen has been performed by the Swedish Navy (2). A
series of bounce dives has been acheived by EDELL’s team (3) and by
FIFE (4). . , '

Moat of thel animal experimenta dealt with the neurologic
effects of the gas (S) or the decompreasion problems (5). In this
field, a French work (6) described a "toxic effect™ attributed to the
mixture, and further work in this area has been post-poned. Recent
experinenta did not £find this toxiecity (7, Gardette at al on rats,
ROSTAIN et al on monkeys)(8)., It seems that in this experiment (dive
in H2/02 at 30 ATA with a tamperaturae of 29 °"C), the rasults observed
may be due to the combination of a very high hércotic potency of the
gas (PH2 = 29.5 ATA) and< hypothermia. The use of Helium for deep
diving stopped the urge for finding a new diving mixture.

Tha avidenca of a density-related limitation to ventilation
(3, 105 induced a search for a breathing gas lightér than Helium.

Looking at Mendeleiev’s tabla, it appears that the only candidata i

Hydrogen. In the ’80s, intersst in Hydrogen hasa been renisawed by thij
aspect of the problem a&and by the price of Helium. Two serieas of human
experimenta has been conducted in thia fisld, one by the French diving]
company COMEX (HYDRA aeries, 11), the other by the Swedish Navy (12,
13)>. All the work performed in this area evidenced a narcotic power of
the gaa at presaure. However, nona of theaes teama did study the
putable improvement in tolerance to exercise provided by the mixture.
The Swadish team did not observed any drastic increase in Vital

» EASSM~-CERB, BP 610, 83 800 Toulon-Naval (France).
+ GIS da Physiologia Hyperbarae, CNRS, Marasaeille (France)
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Capacity (VC), Forced Expiratory Volume in 1 s (FEV1) nor tolerance to

exercisa.

The present experiment <(HYDRA V., sponsored 'by IFREMER and
DRET) is the firast saturation dive using Hydrogen as part of the
diluent gas. lIt '1n£ends to evidence the modificationa in exercice
tolerance induced by thae use of a H2 : He ! 02 breathing mixture
(HYDROX) brsathed at 46 ATA, as comparewd to a He : 02 mixture
(Haliox). Due to +the narcotic eaffecta of Hydrogen, PH2 has beaen
maintened at 25 ATA. According to the theory of respiratory mechanics
{10), the expected gain afforded by the ternary mixture could be of
10% to 15% at maximum ventilatory rates. '

This situation is the only one known in which narcotic effects
dua to ealevated PHZ <(which may interfere with the regulation of
ventilation) combine to decreased gas density (which should lead to
inereased ventilation). Therefore, no prediction can be made on the

rasulting ventilation at work.

I. MATERIAL and METHODS.
I.1. The dive. .

The HYDRA V dive is a saturation dive at 46 ATA. It was planed
to concern 2 teams of 3 divers each (teams A and B). It should includa
: controlas for 3 days at 2 ATA breathing an 'Halicx mixture
(CONFIN),compresaion to bottom pressure in 39 h using HYDROX mixturas,
atay in HYDROX mixture of Sldays, awitch to Heliox for 3 days, then
decompreassion on Heliox. Due to counter-diffusion and HPNS problemsa
during the gaa switch for tsam A, team B has not been submitted to the
Haliox part of the experiment. Table I gives thg achaeduled aituations.

Pressure stay PQ2 PHZ2 FPHe Temperature Code
ATA days ATA ATA ATA " C

2 3 .4 nil 1.6 . 28 CONFIN
46 2+1 -4 25 20.86 3z HYDROX
46 3 Y- nil 45.6 32 Heliox

Table I : Experimental aituationa acheduled for
) both teama (performed only by team A).

caomex




possession of this

. « THIS DOCGMENT IS THE PROPERTY OF COMEX, all information contained herein ;'hav neither be reproduced, used, disclosed, ransmitted nor in any way made public without the written permission of the owner. any person in

document acknowledges being bound by the obligation 1o treat it as confidential».

I.2. Thae divers.
Six . divers volunteered in the experiment, 3 commercial divers

from COMEX, 2 military divers, and 1 civilian diving instructor. Table
II givea the characteriasitics of the divers.

‘Dive Age Height Weight V02 max » Ve FEVL MYV Origin
<Code) yaars kg ml.mn-1. L . L.mn=3
Al 40 1.89 a8 33.0 6.32 4.10 196 M.N.
AZ 35 1.83 a0 o1 S.53 3.60 192 COMEX
A3 34 1.76 74 .3 5.25 5.01 171  COMEX
B1 32 1.76 73 50.8 5.60 4.16 156 M.N.
B2 31 1.79 75 36.0 S5.40 4.09 138 COMEX
B3 34 1.72 75 34.0 a.61 3.57 177 INPP

Table II : Divers anthropometry.
ot Lndirect measuremant according to ASTRAND (=)

! Marine Nationale (French Navy).
COMEX COMEX commercial diver.
INPP Inatitut National de Plongee Professicnnelle
(Diving Instructor).

I.3. The exercises and breathing raesistancas.

The protocol for the exercisa 'tolaerance tasts has been
identical to the one used during the previous 46 ATA French
saturation dives (ENTEX series, 14, 15..16).

In order to evidence any ventilatory benefit, ventilatory

' request has to be great enough.'The ventilatory request has bean
achaeived . through ' 6 minutes muscular exercisel runs &n an
alactrically braked bicycle ergomeater (SIEMENS) at preset workloads
of 0, 75 and 110 or 1%0 W. Due to a defact in the regulation module
of ona of tha bikea, tha workloads requested in HYDROX has been 1.4

greater than in Heliox.

In order +to attain the ventilatory limits of the subjectis,
aextarnal breathing resistances have baen added, identical on both
tha inspiratory and expiratory sides of the breathing apparatua.
These were plexiglass diaphragma, 1 mm thick, perfored by a
calibrataed orifice., The diametera have been chosen in such a way
that the external reaiastances should be identical in CONFIN, HYDROX
and Heliox. The gcala-weré breathing resjatancea of 0 (RO), 10 (R2)
and 15 (R3) cm H20#{L.a-1)~1 for a sinuscidal breathing regimen of
40 L.man~1 (V'I:.'= 2.0 L., £ = 20.mn-1) at the gaa density to be uased.

comexXx




The different combinations teated are given in table ITI.

Situation Workloesds Diuphragma
code Watts code mm

wo 0
CONFIN wo’ 28 RO 40.0
Wi 105 R2 10.0
= W2’ 1S4 R3 .0
‘W2 210 |
WO o RO  40.0
Heliocx wi 75 R2 12.5
w2’ 110 R3S 11.5
w2 150
wo Q@ RO 40.0
HYDROX Wi 105 R2 12.0
W2/ 154 - R3 10.5
w2 210

Table III: Actual workloads and reasistancesa
, Imposed tc the subjects
(WO’ used during CONFIN. W2’ used for R3)

The organization of a session is given in table IV,
Diver Workload Resistance

Al

A2

A3

Al

£€E €EE €EE EEE
NEREO NFPO NERO NPRD
WWW TN WNW 0OW
NNN 000 000 GO0

y rigither be reproduced, used, disclosed, transmitted nor in any way made public without the writien permission of the owner. any persen in ;;ossession of this

And s on ...

Table 1V : Organisation of exercise runsa

I.4. The respiratory measurements set up.
I.4.1. The ventilatory measurements.
The vantilatory measuraments wera performed using a

"Bag-in-Box" ayatem already described (14, 15, 16) equiped with a

all information contained herein ma:

rolling seal spirometer. Tha asyatem haa been modified in such a way
that it allowed P.l measuraments and breathing the pressure chamber
gas during the 4 first minutes of exercice. Recording of the
vantilatory parametera was done during the last 2 minutes of the
axerciae runa (ateady satate periocd). A gaa sampling port in the
mouthpiece allowed continuous sampling of thae breathing gas in
order to detarmine Pet02 and PetCO2 by mass apectromstry (RIBER QSX

ducument acknowledges being bound by the obligation 10 wreat it as configentialy.
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200). A gas sampling line {or gas analysis was alaoc set in the box
(inhaled gas -=nalysis) and in the bag (exhaled gas analysis) for
computation of Oxygen consumption (V02) after completion of the

Fulle

Haa beaen measﬁred :
- tidal volume ! VL (in L BTPS),
- resbiratory rate ! £ (in mn-1),
-~ duration of inspiration I Ti (in s,
- mouth pressure ! P (in mb).
- FO2 and FCO2.

Has been computed 3
- ventilation : VE = V& x £ (in L.mn-1),
-~ Oxygen conaumptian Vo2 = OE‘<F1 02 - Fa 02) {(inm L.mn S3STPD),
-~ End Tidal Partial Pressure of C02 : PetC02 = FCO2 x Total
pressure (in Torr),
~ flow rates (@)-by numarical derivation of the volume signal,

- actuasl breathing resistances : P / V.

I1.4.2. The P.l1 measurement.

The technique used fof P.1 measurements haa'been identical
to the one described by Lind (17). P.l has been measured at randon,
never nore frequantly than avery 3 breaths, and the average of the
meagureas maqe during the last 2 mn of axercisa conaidrag as the

true P.l.

I1.%. Control of the subjectsa,
Inmadiata control of the subjects waa cobtained through 2
ways ! .
- instantanecus PatC02, and control of the capnigram,

~ maasurement of heart rate by a 3 lead ECG.

comex




y neither be reproduced. used. disclosed. transmitted nor in any way made public without the written permission of the owner, any person in pgossession of this

« THIS DOCUMENT IS THE PROPERTY OF COMEX, ail information contained herein ma

document acknowledges being bound by the obligation 10 treat it as confidentialn.

II. RESULTS. _
Only team A results will be presented here, becausa they

arae the only complete set. Team B subjects has not been subaittad
to the Heliox situation at 46 ATA. Therefore, the compariscn
batween HYDROX and Heliox is not posaible for them.

All the subjscots but subject B3 were slightly suphorice in
the HYDROX situation. The exercises has been considered as easier
in HYDROX by all the subjecta, even when tha actual worklcada were
graater than in Heliox. However, some behavioral modification let
us presume that there waa a slight degree of narceosis in Hydrogen
(difficulty to calibrate transducers, bursts of laughter during MVVY

neasuremanta, etc...).

In team B, for a worklcoad of 105 W and the medium range
rasistanca' R2, subject B did not feolt that he had réached his
limits (fc = 170, PetCO2 >‘70 Torr). He requested (put haa not been
allowed to) perform the highast workload. Subject B3 has been
unable (dué to pasychelogical reasons) to perform any exercise. The

full set of results is given in the annex.

II1.1. Lung function.
The results of the ventilatory clinical investigation of

the subjects are.given in tabla V :
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Volumiec Aif 1ATA HYDROX 46 ATA Heliox 46 ATA

Diver Mass
) g.L-1 (Q°C) 1.23 B.4% 8.7
Al vQC 6.32 8.20 - 6.03
FEV1 4,10 3.10 2.390
Mvv 202 33 (=) 78
a2 vC 5.53 2.60 S5.80
FEV1 3.60 2.14 2.91
nvy : 192 _ 58 &6
‘a3 - ve 6.25 5.93 5.93
FEV1 S5.01 2.43 2.43
Mvy 171 42 45
B 1 VG ‘ 5.60 S.62
FEV1 4.16 2.353 Non exposad
MVV 156 72
B2 . £ VC S5.40 S.32
FEV1 . 4.09 2.6Q Non exposed
nvvy 138 68
B 3 vC 4.61
FEV1 . 3.57 Non measured Non exposed
MUy . 177

Tabla V ! Lung volumes and flowa.
Team B has not been exposad to Heliox.
{#) bursts of laught during all trials.

VC(HYDROX) /VC(Air) = L,99 +/- .02 (m +/- 3d3,
VC(Heliox) /VCCAiX) = 97 +/- .03 ,
. VCC(HYDROX) /VC(Halliox) = 1,01 +/- ,02 ,
FEV1(HYDROX)/FEV1(air) = .67 +/- .15 ,
FEV1l{(Haliox) /FEV1(Air) a  LB7 +/=- .11 ,
FEVL1(HYDROX) /FEV1(Heliox) = 1.05 +/- .04 ,
MVVC(HYDROX) / MYV (AL =  L,33 +/~- .14 (with Al
= ,37 +/- .12 (excspt Al)
MVV(Heliox) /HVV(Air) = ,33 +/- ,07 ,
= 75 +/~ .28 (with Al)

MVV(HYDROX) /MVV(Heliox)

_ There no variation in VG betweaen HYDROX and Heliox. The
incresae in FEV1 ia at the limit of statistical significance. The

decrease in MYV is not aignificant.

1IX1.2. Tolerance to exercise !
In order +to be able to compare the values between Heliox and

HYDROX, it has been decidad to interpolate the HYDROX values for
workloads of 110 W and 150 W. Table VI givea the main results obtain
for a worklocad of 130 W in Heliox (actual msasurement) and HYDROX
{interpolatad). )
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VE Vo2 PetCO2 P.1

CONFIN m 42.7 2.76 53,7 5.6
ad . 8.9 -34 7.0 .8

Heliox m 43.6 2.24 57.0 3.8
sd 14.5 .33 4.0 2.3

" /

HYDROX n 37.6 2.28 60.0 3.9
ad 3.6 .04 S.3 1.2

Table VI : Ventilatory measursments without added
external breathing rasiatances, for a
worklosd of 150 W in Heliox (actual) and
?ZDROXA§intarpolatad betwaen 105 and 210 W)

aam .

It appears that in HYDROX (as compared to Heliox)
- V02 is not different,
- VE is slightly decreased (non significant).
- PetCO2 is increased (P < .05,

- P.1 does not vary.

0

If CONFIN is considerad as reference situation, ventilatory

measurenants in Heliox are cleser to "normal® than tha ones collectad

in HYDROX.

Tabla VII gives the same results for the 110 W workload with

the maximal breathing reasitanca.

VE vy PetC0Z2 P.1

CONFIN m 29,9 2.00 57.6 4.9
sd 1.0 W12 8.2 .3

Heliox m 32.3 . 1.76 s6.,7  13.2
ad 8.3 14 2.9 1.8

HYDROX m 29.6 . 1.94 62.3 9.3
ad 6.5 .19 7.1 2.3

Table VII : Vantilatory measurements with maxinmal
extarnal resistance for a workload of
1i0 W in Heliox (actual) and HYDROX
2énter ?lated baetween 1035 and 154 W)

aan .

The rasults are the same than without ' resistance. P.l is

aignificantly decreasad. VE ia identical in CONFIN and in HYDROX.

PatC02 1s higher in HYDROX than in the 2 other situations.

decresasas with gas denaity.

Comeax
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Pooling all the meagurenents and comparing the HYDROX
situation with the Heliox one using Student’s paireda t tast givab :

- VE. decreases by 8X +/- 8x (P = ,2),
- PetCO2 increases by 9X +/- 3% (P < .05,
-~ P.l dacreagses by 27X +/~ 10X (P = ,02).

. The analysis of the VE = £(VO2) rolationship on all the
obtained results are given in table VIII ¢

‘ Taam A Team A+B

R n a0 al r P < n a0 al r P <
CONFIN .
RO 9 10.5 1i1.1 .83 .01 18 5.2 13.1 .98 .01
R2 & 4.7 14.8 .95 ' 15 3.5 14.9 .97 »
R3 8 4.1 13.1 .98 " 17 4.2 13.0 .98 *
Heliox ‘ .

RO 9 3.4 18.7 .94 *,

R2 8 5.3 12.2 .97 - non exposad

R3 9 8.4 13.9 .86 ”

HYDROX

RO 9 + 3.2 15.2 .98 " i4 3.1 15.0 .98 .01
R2 9 .4 12.2 .98 " 13 S.8 12.1 .98 "
R3 9 3.6 13.2 .95 - 12 4. 13.2 .96 "

ALL RESISTANCES POOLED
CONFIN
22 5.8 13.2 .94 .01
Haeliox
26 8.1 12.3 .92 .01
HYDROX
27 3.7 13.8 .96 .01
ALL ENVIRONMENTS POOLED
RQ 25 6.3 14.2 .92 .01
R3 28 7.2 12.1 .93 " .
Table VIII ! Relationaship Ve = aQ + al(V¥02) (all rasults)
a0 in L.mn-1 (BTPS).
al in L.mn~1 (BTPS)/L.mn~-1 (STPD}) of 0O2.
The sleopes do not differ depending upon the medium. The

ordinate for V02 = O is greater in helioex than in HYDROX.

Il.2. Neurc-muscular command of ventilation :
The neuro-muscular command of ventilation has been appreciatad

by a multiple correlation tachniqué. Reaults are given in tablea IX to
ATI. ‘
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7 - 10

Team A

R n agQ al, r P < n a0
CONFIN
RO 9 - .2 17.32 .94 .01 18 -9.3
R2 & =-24.2 22. .93 " i8 -4.0
R3 & -1i1.86 19.2 .87 * 17 -7.3
Haliox '
RO - 1.6 20.8 .69 .09
R2 8 =-23.4 52.4 .94 .01 Non
R3 9 5.0 7.3 .88 "
HYDROX
RO 9 - 4.8 21,2 .78 .01 14 -6.6
R2 9 + 6.9 8.1 .89 * 14 +7.8
RZ 9 - 2.6 10.8 .97 " 12 +6.3
ALL RESISTANCES POCLED
CONFIN

22 - 656.8 17.8 .82 .01
Heliox

26 +10.6 7.1 .58 .01
HYDROX

29 + 9.2 8.4 .68 .01
ALL ENVIRONMENTS POOQOLED
RO 26 +15.1 9.8 .76 .01
R3 294 + 3.2 s.6 .78 "

Table IX : Relationship Ve = a0 + al(yP.1
a0 in L.mn-1 (BTP3)
al in L.mn-1 (BTPSY/ mb.
The efficiency
batween VE and VP.1> is

greater in HYDROX than in HelioX.
ghown in the preceeding chapter, P.1

As
aa compared to
paramatérs (role of the worklecad and of the
influence of
Real), and the

ia dona on log-log transforms.

Team A+B
al r P <
20.0 .82 .0Q%
16.8 .77 .05
1.3 .87 .01
expoaed
22.8 .68 .Q1
10.7 .79 "
8.3 .79 "

) (all results)

af +the command (estimated by the relationship
greater in CONFIN than in HYDROX, slightly

is decreased in HYDROX

Heliox. We tried to analyze the influence of external -

diaphragms) and the

endogenous paramreters (the actual inspiratory reaistance

breathing pattern (Vt/VC and Ti) on P.l. The analysis
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y neither be reproduced, used, disclosed, transmitted nor in any way made public without the wiitten permission of the awner, any person in possession of this

« THIS DOCUMENT IS THE PROPERTY OF COMEX, all information contained herein. r;1a
document acknowledges being bound by the obligation to reat it as confidentiafn.

7-11

n conatant log{(W) logd{(dia)
CONFIN 22 (r = .68 =) '
coaf, 1.4 22 - 25
t stat. 3.40 (#) 3.97 (=) - 1.71 NS
Haliox 26 (r = .84 =)
coef. 2.8 .33 - .68
t stat. 4.19 (=) 6.52 (=) = 3.52 (=)
HYDROX 25 (r = .84 =) '
coaf. 2.0 « 33 - L5958
t stat. 4.40 (») 6.74 (=3) = 2,99 (=)

Tabla X : logi{P.1l) and environmental parmeters.
NS non significant
(+) P € ,05 ¢ (#) P < ,01 ;3 (=) P < 001
W actual workload in Watts
dia ! diameter of rasistors in mm.
I+ appears that the role of the mechanical workload is not
different in HYDPROX or Heliox, eaven if it 1a greater than in
QGONFIN. The influencas of the diaphragma i= greater in Heliox than

in HYDROX, which had to be axpected.

n constant log(ResIl) log{Vt/VC) log(Ti)

CONFIN 22 (r = .90 =)
coef. 3.5 .18 « 84 1.6
t stat. 14.1 (=) 3.89 (=) 4.68 (=) 8.22 (=)
Haliox 26 (r = .88 =) ‘
coaf., 3.6 .47 1.3 1.6
t atat. 8.70 (=) S5.79 (=) 4,13 (=) 3.96 (=)
HYDROX 25 (r = .89 =)
coaf. ‘3.9 « 36 1.4 1.7
t atat. 9.66 (=) 4.69 (=) 4,89 (=) 5.67 (=)

Table XI @ log(P -1 ) and respiratory maasurasments
o1 (=) P .01
ResI in cm H20.(L.s~ 1) 1.
Ti in seconds.
Ve/VC dimensionless. -
. Only the actual inspiratory resistances show any differential
affect. It is greater in Heliox than in HYDROX. The same external

chargae will give greater P.l in Heliox environment.

The role of +the CO02 stimulus on P.1 (leog-leog transform) is
described in table X. Even if the slope of the relationship is greater
in HYDROX than in Heliox, the origin ordinata (which represent a
multiplicative coefficient) is greater in Heliox. If one recalculates
P.1 for a given PetC02, it appeara that it is always gresater in Heliox
than in HYDROX. '
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Situation n a0 (t stat) al (t stat) r P
CONFIN 22 .58 .73 017 .38 «21 NS
Haliox 26 - 1.38 1.69 « 054 3.59 57 (%)
HYDROX 25 ~ 2.88 3.8 075 S.72 76 (=)

Tablé XII : Relationship ! log{(P.1l ) = aQ + Al log(PetC02)
(#) P < ,01 ; (=) P < .,001.

IV. DISCUSSION.

IV.1. Lung function.

The Swediahl taam (25) observed a slight incresase in V¥C at 1.3
MPa, which they attributed to the effects of the stressfull situation.
Wa do ,notﬂb%ggz same increase. However, our subjects were under
saturation conditions since 2 days, and the stress effect was deleted.

The increase in FEV1 ia at the limit, in favor of HYDROX.
Thesa results are comparable +to the one observed by Dahlback during
the Swedish dive and agrees with the purely mechanistic tﬁeory (i83.

MVV in our situation doea not varies significantly, which doés
not correlates with Dahlback’s' results nor with the theoretical
pradictions (24). It seems that the behaviour of our divers (mainly in
subject Al) did not allowed performing correctly the test, which may
explain this discrepancy. HNVV is a teat which depends largely on the
breathing .pattern of the subject., Obtaining reproducible reaults needs
training _an. ragpatition of the test in order to choose the beat value.
In the present experiment, if thé subject’s cooperation cannot be
doubted, it seems that their self-centrol haa not been as strict as in
the 1 ATA or CONFIN measureaments.
IV.1. Ventilation during exsrcise.

It appears from these results that in HYbRGx, GE tends to be
amaller and PetCO2Z is greater than in Heliox. This ¢an be interpreted

as an alveolar hypoventilation,

According .to the purely mechanistic theory of the limitation
to ventilation 18, i9, 20, 21, 22, 232, the intra-thoracic
resjatancea are amaller in HYDROX than in Heliox. Thereforsa, breathing
should be easier, and ventilation near the physiological limita of the

subjects should be greatar.

The exercise runs wers reported by the divers less difficult
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in HYDROX than in Heliox. This ias in agreement of Dahlback’s
observations at 13 ATA (25). Ornhagen reported (13) a slight degrse of

narcosia in the Swedish dive.

During exercisa runs without added external breathing
resistances, in . HYDROX, we chsarve a t?ndency to alveclar

hypoventilation . (VE tends to decrease, PetCl2 i3 increased) as

compared to Heliox. In such a situation, the only braatﬁing resistance

are intrathoracic, which should be lower, according to the mechaniatic
theoriea of the limitation to ventilation. P.l is identical in both
gituations. The impedance of the thoraco-pulmonary aystem (estimated
by the slope of the VE versus VP.1 ralationship)is slightly =smaller in
HYDROX than in Heliox. Mechanical situation at lung level is therefore
not the cause of these resulta. Due to elevatad P«tCO2 in HYDROX, P.1l
should have ilncreased. It seems that the sensitivity to CO2 in HYDROX
has been decreased. Such a phenomenon has already been described in
rats for PHZ2 as low as 8.3 ATA (29). This could be explained by =
pharmaculcgical' effaect of Hydrogen on the CO02 sensitive structures,
The Swedish team did not  observe any modification in exercise
tolgrance at 13 ATA. However, the expeosure duration to Hydrogen
nixture was very short (less than 1/2 h), PH2 was in the low narcotic
potengy range, total -pressuré was low, sc that the ventilatory limit

to exertion was far from to be reached.

With added axternal rosistances, we observe the sanme
phenomenons than without resistanca, but including a significant
decrease in P,l1. The multiparameter regresaion analysis shows that the
actual inspiratory resistances are of less importance in HYDROX than
in Heliox. Thias, with the subjective reports of the aubjects and the
clinical obaervation of their behavior supports the hypothesis of an
hydrogen induced narecesis, as previously reported for lower PHZ by
Fructus (11> and Ornhagen (12). This narcosis diminishes the
reactivity of the CNS (28), even on the vagatative ayastem (29) and,
for a given combination of exercise and worklaoad, the ventilatory

Conmand (P.l) resulting from the different atimuli is less than in

Haliox <(situation in which HPNS may induce an hyperexcitability of thae

same atructureal. Even with a decreased impedance of the respiratory
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tract, -GE is 1955; and a slight alveclar hypoventilation appears,
leading to increased PetCO2. Apparently, the feed-bachk of PetCO2 on

P.1 is included in the atructures implied by this nargesis.

It is questionnable if there is a decrsased vantilation in
HYDRCGX or an increased ventilation - in the Heliox situation ? The
compariason. of GE and PETCO2Z measurements without resistancses obtained
at depth with the one obtained at 2 ATAs (CONFIN) shows that the
Heliox aituation i1as cloaser to CONFIN than HYDROX ia. Thias implies that

.in the RYDROX situation, there is a decreased ventilation. It seaems

that pressure modifies the reactivity of the reapiratory system (P.1
is lower 1in the 2 sets of measurements at depth). Hydrogen depresses
this ayétem (decfement in the P.1/PetC02 relationship as compared to
Heliox) . .

Witﬁ added external resistances, the situation is more
complex., It seems that in Heliox, there is an hyperexcitability of the
regpiratory system (increased P.l and VE as compared to CONFIN). Thia
does not leads to alveolar hyperventilation (PetC02 remains at the
game level). Thia increased ventilation may be a compensatory reaction
to the dercreased gas diffusivity at the alveclar level due to
increasad gas density (23). The gain in alveclar diffuaivity due to a
lighter gas (hydrogen) is to samall to compensate for the narcotic

effacta of the gas.

CONCLUSION.
Thia first Hydrogen Helium Oxygen saturation dive to 46 ATA

y neither be reproduced. used, disclosed, ransmitted nor in any way made public without the written permission of the owner, any person in E::bésession of this

giVQs results which cannot be explainad by the purely mechanistic
theories of the limitation to ventilation in hyperbaric environments.
‘It ia tha only known aituation in which an increased narcotic
potency combines with a decreased gas density.
It aaema that the high PH2 (25 ATA) encountered i= responsible
of a narcoais which can be detected by the clinical observation of the

subjects. This hydrogen induced’ decrease in CNS reactivity has

implications on the neurologic command to ventilation. For a sanme
exarcise and preatﬁing resistance, in HYDROX, P.l1 is smaller than in
Heliox., The density-related decreasae in thoracic impedance is not

sufficlient to compenaate the decreased command, and a alight

« THIS DOCUMENT 1S THE PROPERTY OF COMEX, all information contained herein ma
document acknowledges being bound by the obligation to treat it as confidentialn.
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iy

hypoventilation, with increased PetC02Z occurs.

It seens that the neurclegical modifications completely masked
the expectad theoretical benefits of the lighter gas mixture.

It is questionnable if the same phenomenons would occcur with
lower PH2 and if any kind of narcosis may have the same effects on the
respiratofy éystam. What ia the 'optimal PH2 not to be overcomed in
order to keep the mechanical benefits of the lightest gas known ?
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~ ANNEX -

Individual results of the measurements done during the HYDRA V
axperimental dive (Hydrogen/Helium/Oxygen, 46 ATA, P02 = .4 ATA>.

- Res

- fo
- Vo2
- VE
- vt
- £fr

: diametsr of the diaphragms inserted in both the
inspiratory and expiratory part of the breathing
aystem.

! actual mechanical workload impaoaed (in Watts),

: mean cardiac frequency {in mn-1),

: mean oxygen consumption (in L.mn=1 STPD),

: minuta ventilation (in L.mn-1 ATPS),

! tidal volume (in L ATPS),

: mean breathing fresquency {(in mn-1),

- PetC02 : mean PatCO2 (in Torr),

- P.1l

: mean occlusion praessure (in mb),

- Vt/ti : mean inapiratory flow (in L ATPS.s-1)

- Pi
- Pe

! mean of the averags inspiratory presaurses (in mb),

! maean of the average expiratory preassurea (in mbJ.

These results are the mean of the values of the concerned

parametar

runs.

maagured during the last 2 ninutes of & minutea exercice
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g - A2 - _

@

g CONFINement : 2 ATA Heliox, volumic nass at 0°'C = ¢0.86 g.L-1, &+ = 28°'C

: |Res W sujet fc VO2 VE  Vt fr  PetCO2 P.1 Vt/ti P

£ mm Watts mn-1 (1) (22 L mn-1 (§c D] mb L.mn~1 mb

.o

2 |40.0 28 Al 72 1.08 .6 3.32 5.3 54.1 .9 .8 1.8

O 105 - Z% 3788 33:2 332 33 o8 35 1la 3.6

A 154 ~ 106 3.0 37.8 3.3%5 11.3 61.6 6.5 1.8 4.1

N 210 » {24 3.76 46.8 3.54 13.2 2.4 7.5 1.9 3.8

£ - 28 A2 no measurements 45.2 3.4 1.2 .3

2 |- 105 & 86 1. 4.8 2.3¢ 14.9 46.5 4.3 1.3 2.1

s | 154 112 2.41 42.2 2.79 15.1 48.3 4.9 1.5 2.4

£ Zio “ 130 2.93 S4.0 2.80 18.3 S50.2 8.4 1.7 2.8

2 |- 105 A3 106 1.94 30.9 3.06 10.1 50.4 4.6 1.3 2.5

S 210 “»7 a1 3.11 48.9 3.38 14.3 53.0 7.4 1.8 3.5

i<}

g ] = ) BIL 71 .38 8.9 1.08 8.3 42.0 .7 .4 .7

. 75 " 83 1.10 18.8 2.06 9.1 S1l.4 1.8 .9 1.4

5 | " 150 “ 124 2.24 35.2 2.33 15.1 54.7 3.6 1.4 2.0

[=1N
T 0 B2 88 .33 7.9 1.46 S.4 37.7 1.2 .4 .7
R 75 " 1083 1.22 18.3 3.02 6.0 52.3 3.6 _.7. 1.4
RN B 150 » 130 2.19 82.3 4.23 7.7 61.6 S.4 1.3 2.7

H

= o) B3 48 .40 10.3 .97 10.6 33.8 1.3 .S .7

S .75 B 67 1.17 20.0 2.18 9.2 45.6 3.6 .8 1.7

£ 150 » 103 2.06 36.5 2.86 18.7 48.3 6.5 1.5 3.0

3 |10.0 o) Az 66 .52 13.7 .80 17.0 42.5 4.2 .6 1.8

I 105 v 99 2,14 35.4 2.30 135.4 49.7 7.0 1.2 4.3

A 210 » 143 2.34 56.4 2.80 20.1 46.4 11.7 1.5 18.4

< .

o o A3 81 .85 18.0 1.70 10.6 39.9 2.9 .7 2.8

g | - 105 =~ 113 2.02 31.9 2.94 10.9 S51.4 5.9 1.3 8.8

gl 210 » 153 2.74 38.9 3.42 11i.4 60,6 10.0 1.5 15.1

L 0 Bt &7 .37 8.2 1.18 7.0 42.2 1.1 .3 1.2

I 75 = 88 1.20 19.86 2.30 8.7 53.1 2.4 .7 3.1

g | - 150 v 126 2.20 36.9 3.30 11.0 55.2 2.3 1.4 6.3

g ] - 0 B2 93 .40 9.8 1.70 S.6 4l1.2 2.4 .3 1.5

s | " 75 “, 106 1.20 18.9 3.60 S.3 S8.4 7.1 .8 3.7

sl - 150 =" 142 2.30 34.1 4.40 7.7 67.6 6.9 1.5 3.5

g f " ) B3 S7 .46 10.3 1,48 7.0 40.2 1.4 .4 1.5

5 | 75 B 80 1.30 26.0 1.80 14,1 45.4 3.4 1.0 4.6

£~ 150 “ 112 2.20 35.7 3.00 12.1 S6.6 6.8 1.4 6.8
3| 8.0 0 Al 73 .57 13.4 3.18 4.2 50.8 1.4 .5 1.9
(e | 105 “ 97 2.05 28.1 4.16 6.7 67.2 4.9 1.1 11.8
g | 210 ~ 130 3.37 50.8 4.72 10.8 62.9 11.0 2.1 33.8&

2 0 A2 64 no measurements  41.5 2.2

384 - 105 " 89 1.82 30.2 3.15 9.6 S1.5 4.8 .9 10.6

51 210 “ 139 3.13 47.7 3.22 14.0 S57.8 8.8 1.6 21.3

85| 0 A3 77 .56 10.1 1.36 7.4 40.0 3.3 .S 3.0

- B 105 “w 118 1.97 29.4 3.03 9.7 53.5 4.5 1.2 19.9

3 B 210 » 157 3.04 39.4 3.53 11.0 5.1 3.9 1.4 49.2

ey - 0 Bl 60 .28 6.1 1.25 4.8 33,3 1.2 .3 1.5

o | "™ 75 " 82 1.1% 17.3 2.51 6.2 50.5 1.1 .7 4.5

Sl 150 w114 1.85 23.9 2.43 9.8 5%.2 2.4 1.0 8.1

ws . .

S| v Q 82 97 .34 8.2 1.74 4.7 37.8 1.5 .4 2.5

85| » 75 7 106 1.18 19.5 3.41 5.7 50.2 3.6 _.8 5.6

s | - 150 » 144 2.31 35.3 3.68 9.7 59.9 9.0 1.4 15.3

ES| o« Q B3 52 .41 11.6 1.09 10.6 34.2 1.2 .4 2.5

g2l = 75 - 70 .82 18.0 2.23 7.9 47.0 3.9 .7 5.4

g3 - 1%0 “ 100 2.07 33.4 2.57 13.0 S50.8 7.9 1.4 13.8

us
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3
5
Lo 8
‘ ;§
T
g - A3 -
; HYDROX : 46 ATA, volumic nmass at 0°C = 6.49 g.L-1, t = 32°C
Ll L] *
¢ |Res W sujet fo VO2 VE vt fr PetC02 P;1 Vi/ti Pi Pe
§ mm Wattsa mn-1 (1) (23 L mn=-1 1§ )] mb L.mn-1 mb mb
o
£ (40.0 0 Al 69 .62 11.3 2.5%9 4.3 42.7 1.4 «5 -8 +7
b - 105 " 97 1.80 26.1 3.59 7.3 65.9 4.6 1.2 2.8 2.3
s - 2190 " 133 3.19 49.8 3.31 15.1 62.8 6.3 1.8 2.5 2.7
~§ . Q A2 73 .70 17.6 1.10 16.3 406.7 1.5 7 .9 1.2
5 - 105 ' 110 1.56 29.8 2.52 11.8 52.8 2.7 1.0 1.8 4.1
e - 210 * 158 3.42 s61.8 2,83 21.0 £6.5 4.4 2.0 2.9 2.8
@
£ - 0 A3 71 .54 12.7 1.43 8.8 46 .6 1.0 S 1.0 «9
i - 105 " 106 1.78 30.1 3.1S 3.6 58.3 1.1 1.2 2.4 2.3
£ - 210 " 147 3.02 46,3 3.79 12.2 65.4 6.7 1.8 3.3 3.7
é " Q B1 S0’ .56 10.9 1.20 3.1 47 .4 1.7 3 - -7
E - 105 " 134 2.70 41,7 3.03 13.8 64.6 2.9 1.5 2.2 2.2
2 " 210 * 168 3.39 53.0 2.58 20.6 70.1 2.7 1.8 2.5 2.8
E=]
a " 0 B2 104 .52 . 10.6 80 12.9 46 . 7 2.3 .4 .7 S
] " 105 * 144 2.39 35.2 3.17 11.4 69. ] .3 2.1 2.1
LE " 210 " exercice not performed due to physiological raasons
o
g " —-——— B3 exercice not performed due to paychological reasons
§ 12.0 0 Al 76 .47  12.6 3.39 3.7 46.7 1.7 .8 3.0 2.4
g * 103 - 103 1.68 28.7 3.66 7.8 60.6 4.6 1.2 20.3 8.9
g " 210 " 131 2.97 42.7 2.8%9 14.8 66.1 14.8 1.6 28.4 17.2
0
£ - 0 A2 71 .58 12.1 1.33 9.1 42.8 2.2 S 3.5 4.2
g - 105 - 110 2.07 32.% 2.9 11.0 S5.7 8.3 1.0 16.4 28.2
5 " 210 * 135 3.11 44.7 2.87 16.7 65.0 18.2 1.3 35.4 64.5
3 - G A3 87 +86 12,3 1.886 7.3 38.9 1.3 S 5.2 2.5
8 " 105 " 102 1.83 26.86 3.17 8.4 63.8 1.7 .8 22.8 15,1
g " 210 - 1860 3.04 38.8 3.39 1ll.4 73.9 23.0 1.4 33.5 29.8
3 " Q B1 a7 .49 11,5 1.41 8.2 43.9 1.3 .5 3.9 1.7
E e 105 - 115 1.83 27.3 2.34 10.7 &e5.7 3.1 1.0 12.5 8.%
g o 210 " 152 2.78 37.3 2.26 16.6 72.5 2.5 1.3 21.6 17.0
5 b Q B2 51 .37 11.8 1.23 9.6 46.7 1.4 .4 3. «9
o " 105 " 157 2.40 39.0 3.51 11.1 71.5 2.7 1.4 21.1 14.4
f " 2190 * exercice not performad due to phya;ological raascns
g "” ‘ - B3 exercice not performed due to paychological reasons
2 110.5 0 a1 67 .65 10.9 2.55 4.3 47.0 .8 .S 6.6 2.2
Y N 108 " 10¢ 1.88 25,1 3.33 7.5 68.5 5.3 1.0 20.5 10.8
! TS - 154 " 126 2.63 34.2 3.01 11.4 69.2 12.9 1.4 23.5 17.0
E. " 0 A2 67 ‘.47 11.3 1.30 8.7 41.7 2.1 -4 4.0 5.5
- B 105 “ 113 2.06 36.4 2.680 14.0 S4.0 10,7 1.2 17.7 28.6
98 " 154 * 142 2.54 43.4 2.81 15.4 8l.1 16.5 1.4 24.0 38.4
‘m@
EZ | - Q A3 69 .48 -9.5 1.38 6.9 46.0 1.8 .4 4.2 1.8
z23 " 105 * 109 1.7 25,3 3.30 7.6 62.8 6.4 .8 24.0 19.8
Sat " 154 v 136 2.37 30.4 3.65 8.3 70.6 10.4 1.1 29.3 35.1
SEl o 0 Bl 88 .42 10.6 1.25 8.5 45.8 5 .4 1.6 .7
EEL 105 * 136 2.27 3%.9 2.35 15.3 69.0 2.5 1.4 4.6 1a.1
=8 " 154 " 154 2.79 28.9 1.70 16.6 77.5 2.3 1.1 18.7 13.s8
gi * —-—— B2 axercices not performed due to physioclogical raasons
8% b -—- B3 exercicaes not parformed due to paychological reaasonsa
W @
oL
-y
i
G 3
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o
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5

8

é ~ A 4 -

g Heliox : 46 ATA, volumic masas at QO°'C = 8,71 g.L-1, &t = 32°C

¢ |Res W suzet £c V02 VE Ve fr  PetCD2 P.1 Vt/ti Pi Pe
§ mm Watts mn-1 (13 (27 L ma-1 {37 mb L.mn-1 mb mb
Q

2 40.0 Q Al 76 «29 7.5 1l1l.46 5.2 41 .1 - .3 «S <)
5 " 75 " 92 1.29 20.9 4.10 5.1 5.7 2.3 1.0 2.1 1.0
g e 150 ” 139 2.04¢ 35.0 3.33 10.8 6l.8 6.2 1.5 3.3 2.0
g | w ) AZ 85 .41 15.2 1.01 1S.1 36.2 1.5 .6 .9 1.2
g . 79 " 99 1.32 40.6 2.68 15.2 41.1 2.6 l.2 2.5 3.7
oy - 180 " 133 2.82 60.4 2.9% 20.5 49.8 3.6 1.9 3.8 5.9
-E * K A3 a3 32 10.9 1.06 10.3 37.4 D 3 ) iy -
z o 75 - 98 1.17 23.1 2.95 7.8 49.6 1.0 .8 2.2 l.4
2 b 150 " 137 2.06 35.4 3.23 11.0 $9.1 1.8 1.3 4.2 3.1
é 12.5 Q Ai 84 .26 9.4 2.26 4,2 42.6 1.5 .4 2.5 2.3
3 " 79 " 103 1.34 20.9 3.44 5.1 99.6 9.1 1.0 17.4 7.5
2 e 130 " 155 2.85 41.1 2.4% 16.8 74.1 22.Q 1.5 58.7 77
g " Q A2 77 .86 16.7 1.59 10.35 37.7 4.7 .& 4.5 3.0
& - 73 v 102 2.89 42.5 2.40 17.7 49.2 21.5 1.4 20.1- 11.7
I E » 150 ' exercise not perfiormed (pain in the knee)

§ - 0 A3 20 76 1l6.9 2.19 7.7 41.9 4.1 .2 10.4 2.3
r e 75 " 117 1.27 24.2 2.74 8.8 Sl.8 5.6 .9 1a.2 9.7
= " 110 - 134 1.95 29.4 3.08 9.6 37.1 7.5 .9 24.3 17.1
§ 11.3 Q Al aa .44 15.3 3.16 5.1 34.6 1.1 B 7.8 5.5
= - 795 * 102 1.23 20.0 4.29 4.5 99.3 5.0 9 16.7 6.9
‘E e 110 " 128 1.7% 27.3 3.77 7.3 57.9 12,0 1.2 27.4 14.9
E " Q A2 85 .36 17.3 2.42 72 3l.2 1.3 -3 8.0 30.8
= " 75 " 10¢ 1.43 35.7 2.66 13.4 45.8 11.8 1.1 17.3 47.9
g " 110 " 129 1.90 41.9 3.14 13.3 53.4 15.3 1.4 29.4 45.0
§ " ) Q A3 76 .24 9.2 1.25 7.4 39.5 1.1 .4 5.2 2.8
° . 75 N g7 1.32 23.% 2.87 8,2 55.3 10.4 .9 22.5 12.5
E " 110 " 123 1.82 27.86 2.96 9.3 58.9 12.4 1.1 23.5 15.6
el

2

g
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- A5 -
- ANNEXE 2 ! INTERPOLATED VALUES -~

CONFIN : 2 ATA Héliox, volumic mass at Q0°C = 0.86 g.L-1, t = 28°C

W WO N B N N L Qe

Res w subject fc VO2 VE vt Fr PetCO2 P.1
mm watts mn-1 1D (2) L mn-1 (3) mb
40.0 110 Al g2 2.61 33.9 3.38 10.0, 60.7 3.
" . 1S5S0 » 103 3.02 37.4 3.35 11.2 e81.5 &,
" . 110 A2 114 2.46 43.4 2.789 15.5 46.7 4.
" 1350 " 129 2.89 52.0 2.80 19.0 48.1 4.
" 110 A3 107 1.99 31.8 3.07 10.3 50.5 <.
"o 130 “ 119 2.38 37.6 3.18 11.7 51.4 3.
10.0 110 A2 101 2.17 36,2 2.32 15.86 49.6 7.
" 150 b 115 2.44 43.3 2.49 17.2 48.5 8.
" 110 A3 12O ‘ 2.0 32.2 2.9% 10.9 51.8 6.
* 150 e 132 2.29 34.5 3.12 11.1 54.8 7.
8.0 110 al 98 2.11 25.0 4.18 6.9 &7 .0 S.
" 150 " 109 2.55 3K.6 4.37 8.2 683.5 7.
* 110 A2 Sl 1.88 30.9 3.15 9.8 51.8 S.
' 150 - 108 2.33 36.8 3.18 1l1l.2 53.9 6.
* 110 A3 120 2;01 29.8 3.05 9.8 594.0 4.
" 150 " 133 2.37 323.1 3.24 10.2 57.8 4.
HYDROX : 46 ATA , velumic mass at 0°'C = 6.49 g.L-1, t = 32°C
Res W asubject fc Vo2 VE Ve Feg PatC02 PO.1
mn- watts mn-1 (1) (1o L mn=-1 (32 mb
40.0 110 Al 99 "1.86 27.1 3.58 7.6 63.8 4,7
" 130 * 110 2.32 35.0 3.49 10.2 64.7 9.3
* 110 A2 112 1.4 31.1 2.54¢ 12.2 52.9 2.8
- 150 " 128 2.26 41.7 2.7 15.2 54.2 3.3
" : 110 A3 108 1.83 30.8 3.18 9,7 S8.6 1.3
_ " 150 " 121 2.2 36.2 3.39 1l0o.6 61.0 3.2
12.0 110 Al 104 1.73 29.3 3.83 8.1 80.83 5.0
* 150 .o 113 2.18 33.9 3.37 10.4. 62.7 8.4
o 110 A2 111 2.11 33.0 2.94 11.2 56.1 8,7
i . 150 " 119 2.46 37.1 2.85 13.1 59.2 12.3
- 110 A3 104 1.88 27.1 3.18 8.5 64.2 2.6
" 124 2.28 31.1 3.25 9.5 67.56 2,7

® 150
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Héliox

Rea
mm

40.0

12.5

11.5

-.,A 6 -
46 ATA, volumnic mass
) ‘Sujet f£e VO2 VE
Watts mn-1 (1) (22
110 Al 114 1.64 27.5
150 - 139 2.04 35.0
110 A2 115 2,03 49.8
150 “ 133 2.62 60.4
110 A3 116 1.5 28.8
150¢ - 137 2.06 35.4
110 Al 127 2.15 30.3
150 s 155 2.85 41.1
A2 non calculabls
Al, A2, A3 non calculable

o

“ 8

® W
o]

.95

O
«©

-23

NN W NN O ©°'<
-
O
&

45

Fr
mn-1

7.8
10.8

17.7
20.5

9.3

11.0

11i.1
i6.8

by

at O0°'C = 8.71 g.L-1, t = 32°C.

PatC02Z PO.1

(37 . mb
58.5 4.1
61.8 6.2
45.2 3.1
49.8 3.6
S4.0 1.3
S59.1 1.6
56.4 13.0
74.1 22.0
interpolaticon.
interpolation.
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INTRODUCTION

The usefulness of hydrogen as a gas for deep diving will depend not only
on its effects on the central nervous system but also on its effects on the
cardiovascular system, If serious cardiac arrhythmias davelop, or the heart
fails to pump adequately during exercise, the beneficial effects of hydrogen
on CNS and respiratory function would become largely academic., Although some
animal data exists bearing on the question of cardiovascular function in high
pressure hydrogen, only one human study, HYDRA IV, has been conducted. The
present dive, HYDRA V, afforded the opportunity to extend these human
observations not only at a higher absolute pressure, but for.a longer duration
of exposure.

METHODS

Studies in the dry were conducted in conjunction with the French Navy
(Marine Nationale). Studies in the wet were performed with the G.I.S.
Physiologie Hyperbare (CNRS)., The conditions of the experiments are described
in' detail in the respective reports of these two groups.

Dry Studies

For the dry studies, pairs of 1 cm wide aluminized MYLAR strip electrodes
were placed circumferentially arcund the neck and around the lower thorax. A
4 mA current at 100 kHz was applied to the outer neck and thoracic electrodes.
The inner neck and thoracic electrodes recorded the changing thoracie
impedance from which cardiac stroke volume was determined. EKG was obtained
from patch electrodes placed on the thorax.

Briefly, the protocol called for a five minute period of absolute rest,
followed by two six minute periods of work at moderate and heavy intensities,
The subjects breathed elther normally (R=0) or through an orifice resistor of
progressively decreasing caliber (R=2 and R=3). The subject rested between
the work periods for a variable period of time while gas analysis was
performed and for a minimum of five minutes after the second workload.

For the measurement of thoracic impedance, the subject was instructed to
stop work and to hold his breath at the end of a normal expiration. 1In this
way, both the motion artifact of work and the respiratory variation in
thoracic impedance were eliminated. All measurements were completed withim 10
seconds of stopping work. -

From the impedance wave form, cardiac stroke volume was derived using the
following equation:

SV =A1L AZ/ZO

where: SV = stroke volume in ml
A = the area of the thorax derived from the circumference of the
immer thoracic electrode
L = mean distance between inner thoracic and inner neck electrodes
AZ = the change in thoracic impedance with each cardiac stroke
Z = mean baseline thoracic impedance
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Heart rate corresponding to each stroke volume was obtained from the
frequency of the impedance traces, Heart rate was then multiplied by stroke
volume to derive cardiac output.

The heart rate corresponding to each rest or exercise sequence was also
determined by counting for the last minute of each session. These are the
values shown in the subsequent tables,

Moncexponential funetions were f£it to the rise in heart rate with
exercise and its subsequent fall with rest. From these functions the time
constants of rise (Ton) and fall (Toff) were determined.

Wet Studies

For the wet studies, ERKG was derived from the output of disc electrodes
placed on the chest. Briefly, the experimental protocol comsisted of having
the diver rest or perform work by pulling.a 10 or 15 kg weight through a
distance of 0.4 m twenty-five times per minute. During one 15 kg work
session, the diver increased the breathing resistance of the rig to a level
which was just tolerable., Analysis of the data was limited to measurement of
heart rate during rest Or exercise once a steady stdte had been reached.

RESULTS
Dry Studies

The results of the heart rate and cardiac ocutput measurements are shown
in Tables 1 and 2 and in Figures 1 and 2. The A-team and B~team will be
considered separately becaugse of the differences in response.

The A~Team was able to complete all assigned workloads except for the
heaviest workload with R=2 in heliox at 450 m. Preliminary amalysis of the
data showed no clear effects of resistance so all resistance conditions were
lumped to illustrate effects of gas mixture and depth. The results appear in
Figure 1, Both heart rate and cardiac output increased monotonically with
exercise as expected, Both values were slightly higher with hydrox at 450 m
when compared to heliox at 10 m. Heart rate and cardiac output were highest
with heliox at 450 m. Some data was unacceptable for analysis particularly at
the highest workloads, but these omissions were relatively few., Statistical
analysis of the data has not yet been conducted.

The B~Team's heart rate response to exercise at 10 m heliox was nearly
identical to the A-Team's, indicating that both groups were relatively evenly
matched., At 450 m hydrox, only one subject (Bl) performed at the level of the
A-Team. Subject B2 performed a low level of exercise and subject B3 was
unable to perform at all. Resting heart rate was elevated in B-Team in 450 m
hydrox when compared to the 10 m heliox control. This is in contrast to the
slightly lower values seen in 450 m hydrox in A-Team. The data contained more
technically unsatisfactory traces than A~Team and coupled with the fewer
conditions available for study limited the conclusions that could be drawm
about the heart rate and cardiac output responses to exercise. As showm in
Figure 2, however, it appeared that the performance of a given level of
exercise at 450 m hydrox required a substantially higher heart rate and
cardiac output. Statistical analysis of the data has not yet been conducted.
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7-424

Both A~ and B-Team members showed a normal supraventricular rhythm on EKG
under all conditions tested. For the most part, this was clearly
distinguishable as a normal sinus rhythm. In some tracings, the P wave was not
apparent, These tracings may have been sinus or nodal in origin. The QRS
duration appeared normal. A marked respiratory arrhythmia (sinus arrhythmiaz)
was noted in all subjects under all conditions, Isolated premature
supraventricular or ventricular beats were noted in some subjects at rest or
in the resting period following work when the heart rate had slowed. Some
isolated premature contractions were also noted during work at depth. The
conditions under which premature beats appeared during work are shown in
Table 3. No dangerous arrhythmlas were noted at any time.

Time constants for the rate of rise and fall in heart rate with heavy
exercise in A-Team without added respiratory resistance (R=0) are shown in
Table 4, Other conditions have not yet been analyzed. Compression to 450 m
slowed both the rate of rise and fall of heart rate. Hydrox appeared to have
a faster rise than heliox at depth. The off time constants, however, were
identical. Statistical analysis of the data has not yet been conducted.

Wet Studies

The heart rates observed during the wet studies are shown in Table 5.
The imposed work load was mild relative to the workload used in the dry. The
heart rates averaged 90-120. For technical reasons the tracings were
difficult to analyze and data collection incomplete. In those tracings
gultable for analysls, no arrhythmias were seen.

CONCLUSTONS

The A-Team was capable of performing very hard work in hydrox at 450 m.
The increases in heart rate and cardiac output with exercise were appropriate
to the work load and no significant arrhythmias appeared. The absolute values
of heart rate and cardiac output were slightly lower on hydrox at 450 m than
on heliox at the same depth and the rate of rise of heart rate with exercise
was slightly faster with hydrox. Hydrox values at depth appeared closer to
baseline values (10 m on heliox) than did the heliox values at depth.
However, these differences were minor and may not stand up to statistical
scrutiny.

The B-Team behaved differently at 450 m on hydrox than did the A-Team.
The reasons for these differences are unclear. Also, heliox measurements at
450 m were not available for comparisonm with hydrox at depth. Only one member
of B-Team was capable of doing hard work. Both at rest and for a given
workload, heart rate and cardiac output in B-Team appeared substantially
higher on hydrox at 450 m than on heliox at 10 m. These changes were out of
proportion to those seen in the A-Team, WNo significant cardiac arrhythmias
appeared.

All members of B-Team were able to perform exercise in the wet enviromment

In full diving gear. The workloads, however, were mild relative to the dry,
and thus did not allow us to test limits of the divers' exercise capability.
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: R=20 R=2
Work . Work . Work .
Condition gubject Load HR Q Load HR Q Load HR Q
10 Al 0 68 6.68 0 84  7.40 0 70 7.68
heliox 105 86 11.00 105 97 11.49 165 94 14.37
154 104 13.05 210 135 15.15 210 126 18.24
210 120 15.36
A2 0 53 7.74 0 64 7.90 0 61 7.68
105 B3 11.49 105 94 13.13 105 86 13.89
154 100 11.79 210 142 * 210 133 15.80
210 139 12.76
A3 0 82 T7.44 0 78 5.31 0 75 6.80
105 103 10.51 105 112 7,51 105 113 7.31
210 137 11.13 210 149 * 210 153 %
- 450 m Al 0 71 6,98 0 86 8.05 0 80 8.15
heliox 75 87 11.12 75 101 12.46 75 97 11.72
150. 131 17.22 150 141 HNote 1 110 124 16.00
A2 0 77 7.82 0 74 8.09 0 B2  7.49
75 91 13.88 75 101 * 75 102 12,82
150 151 * 150 Note 2 110 123 *
A3 0 79  6.02 0 84 8.30 G 72 6,42
75 92 9,13 75 110 12.01 75 96 11.94
150 131 * 110 128 # 110 117 *
450 m Al 0 69 6.48 0 84  7.40 0 62 6.27
hydrox 105 94 12.98 105 97 11.49 105 95 14.33
210 130 17.59 210 135 15.15 154 121 16.30
AZ 0 67 8.00 0 67 7.91 0 65 7.94
105 104 15.43 105 108 12.87 105 101 14.85
210 152 19,53 210 148 18.11 154 142 19.00
A3 0 67 6.34 0 64 4,55 0 63  4.00
: 105 102 7.92 105 %9 8.15 105 102 10.45
210 143 15.06 210 156 . * 154 135 *
TABLE 1., Cardiovascular Responses of A-Team

Work load in watts; HR = Heart Rate in beats/min; Q = cardiac output in L/min;
* indicates data unsatisfactory for analysis; Note 1 - stopped work at 5 min 30 sec;
Note 2 - stopped work at 1 min 58 sec.
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Conditicn Subject
10 m Bl
heliox
B2
B3
450 m Bl
hydrox
B2
B3

R=0 R=2 R=3

Work . Work . Work .

Load HR Q Load HR Q Load HR 0
0 66 8.42 0 65 8.30 0 62 8.65
75. 86 13.11 75 85 13.01 75 79 10.75
150 119 14.65 150 122 15.12 150 110 15.68
0 83 6.05 0 89 6.19 0 99 7.86
75 99 11.11 75 97 10.70 75 101 9.42
150 127 17.27 150 140 17.61 150 141 13.49
0 46 5.38 0 56 6.48 0 50 6.79
75 67 7.89 75 75 10.09 75 67 7.42
150 98 13,79 150 109 15.24 150 97 12.70

0 87 7.10 0 78 7.25 0 85 7.88
105 126 * 105 116 12.99 105 131 15.33
210 160 * 210 144 * 154 148 *

0 101 7.02 -0 88 6.68 0 - -
105 140 14,12 105 150 * 105 - -
105 163 20.05
210 - - 210 - - 154 - -

0 96 5,92 0 - - 0 - -
105 - Note 1 105 - - 105 - -
210 - - 210 - - 154 - -

TABLE 2. Cardiovasdcular Responses of B-Teanm

Work load in watts; HR = Heart Rate in beats/min; Q
-~ indicates experiment was not performed; * indicates data unsatisfactory for

= cardiac output in L/min;

analysis; Note 1 - stopped work at 1 min 50 sec; Subject B2 performed the 105 W
workload twice at 450 m, R=0.
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Resis

Depth tance Workload . Arrhythmia
Subject (m) Gasg Condition (W) Type Number
Al 450 Hydrox 3 154 VPC 2
VPC couplet 1
Al 450 Heliox 2 " 150 VPC 3
A3 450 Hydrox 2 105 VPC 2
VPC couplet 1
210 vPC 1
A3 450 Heliox 3 75 SVEC 2
B2 450 Hydrox 0 105 VPC 1
TABLE 3. Conditions under which cardiac arrhythmias appeared during
exercise. VPC = ventricular premature contraction; SVPC =
supraventricular premature contraction; VPC couplet = 2
ventricular premature contractions in a row.
Subject 10 m heliox 450 m heliox 450 m hydrox
on Toff Ton “off Ton~  Toff
Al 0.86 0.54 2.20 0.85 1.24 1.32
A2 0.53 0.73 0.65 1.09 0.95 0.76
A3 0.96 0.73 1.36 1.40 1.29 1,22
Mean 0.78 0.67 1,40 1.11 1.16 1,10
SEM 0.13 0.06 0.44 6.16 0.11 0.17

TABLE 4. Time constants (min) for rise of heart rate with heavy

exercise and subsequent fall with rest.

added respiratory resistance,

A-Team, no
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Workload
0 10 kg 15 kg 15 kg 15 kg
_ no no
Subject resistance resistance resistance
Bl 76 88 90 110 120
B2 77 91 96 g6 97
B3 90 88 98 93 96

TABLE 5. Heart Rate Responses in B~Team to exercise in water at 450
breathing Hydrox. The workloads indicated were performed
sequentially,
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During the Hydra V experimental dive at Comex, a cooperative team
C.N.R.53 - U.5. NAVY (G.I.S. de Physioclogie Hyperbare and Naval
Medical Research Institute), was in charge of studying the res-
piration of a ternary hydrogen-helium-oxygen mixture (hydrox) in
divers exercising underwater at 450 m simulated in a wet pot ().

1. OBJECTIVES

Pulmonary function in deep dives meets conditions very different
from breathing a natural atmosphere, and divers respiration may
be hindered by several factors acting at the same time :

- high gas density of compressed respiratory mixtures ;

- effects of submersion on ventilatory mechanics ;

~ external resistance of the underwater breathing apparatus ;
- newtonian thermal losses by ventilatory convection.

The experimental conditions in submersed studies are the closest
possible to those that prevail in actual diving. Such studies
are therefore very interesting. On the other hand, they are sub-
jected to serious limitations with respect to the availability
of physiological techniques. Hence, during Hydra 5 :

- the divers could not be asked to produce sustained efforts
in order to determine the maximal powey of exercise (as
might be possible in tests carried out in a dry chamber
at the same pressure) ;

- it was not possible to compare hydrox breathing to heliox
breathing under the same conditions (as was done success-
fully during the Hydra 4 dive in 1983) ;

-~ only divers of team B were involved in the wet studies
(team A divers were not switched back to hydrox, as primar-
ily envisionned in the Hydra % program).

Therefore, the present studies were basically of an ergonomical
nature. Our primary goal was to demonstrate that divers were able
to produce breathing efforts equivalent to those usually required
to match respiratory needs during underwater work (more than 25
liter/min), during long pericds of time (2 hr minimum). The
divers were equipped with a wet suit and a helmet connected to

a demand valve. Sensors were fitted to this equipment, according
to measurement needs. Apart from these sensors, the divers wore
standard professional diving garments, such as those used on sea
bed.

(*) with participation of the Centre d‘Etudes et de Recherches
Biolegiques for mass spectrometry.
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A few words about the nature of the exercise, As during the
Entex 9 and Hydra 4 experiments, the Hydra 5 divers performed an
underwater exercise on an arm ergometer. In our opinion, such an
exercice simulates the efforts produced during underwater work,
to a better extent than leg exercise on a bicycle ergomter. In
the latter however more muscles are active, and thus a larger
energy expenditure may be requested, reaching wvalues close to the
circulatory and respiratory limits of muscular activity, in a
trained subject. Nevertheless, it is noteworthy that the level of
arm exercise requested from the divers did increase pulmonary
ventilation up to minute volumes greater than 25 liter/min
{average value over 2 hr of measurement at 450 m), which was the
expected result.

2. METHODS
2.1. Subijects
The three subjects of team B were :
Bl. Serge ICART
B2. Yves LANGOUET
B3. Jean-Pierre MACCHI

Table 1 présents their characteristics.

Table 1 : SUBJECTS’ CHARACTERISTICS

(Team B)
Bl _ B2 B3
Height (m) 1.76 1.78 1.72
Body mass ' (kg) 73 75 75
Age {yr) 32 39 34
Vital capacity (1 BTPS) 5.67 5.83 4,84
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2.2. Instrumentation.

Studies in the wet involved the following measurements :

Exercise movements :
- requested rythm (stroke/min)
- effective rythm (stroke/min)

Respiratory movements :
- of abdomen (mm)
- of chest (mm)
- frequency (breath/min)

Amounts related to time of :
- inspired gas (liter BTPS/mln)
- consumed oxygen (liter STPD/min)

Instantaneous changes in :
- mouth pressure (mbar)
- breathed gas temperature (°C)
- C02 pressure in the breathed gas (Torr)
- cardiac rythm (beat/min)

We made use of sensors attached either to the diving garment
or to the breathing circuitry (inspired and expired gases). The
signals were fed to a computerized data acquisition system.

a)l Measurinq devices

Muscular movements

The diver was asked to perform 20 or 25 arm strokes per
minute, according to a rythm set from the control panel. This
needed the transmission of the rythm, and the monitoring of the
effective working performed by the subject. - The contrel system

is presented in figure 1.

Breathing movements.

Changes in anteroposterior diameters of chest and of
abdomen were detected using two pairs of magnetometer coils, ac-
cording to- the technique developed by the Naval Medical Research
Institute. The sensors were waterproofed hy a neoprene coating.

Inspired gas flow.

A mass flowmeter was incorporated in the supply line, at
the intermediate pressure level. The sensor (Setaram U 70) was
attached parallel to a horizontal and rectilinear tubing, which
embodied a pressure drop system, especially matched to hydrox at
this pressure. This segment was serially connected to a 20 liter
buffer capacity and to a loop submersed in the wet pot water, in
order to heat the inspired gas to the correct temperature (see
figure 2). ote that pressures and temperatures in the gas tank
were monitored continuously, in order to calculate the diver’s
overall consumption.
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Figure 1. TRANSMISSION OF THE EXERCISE RYTHM TO THE
DIVER AND THE MONITORING OF ITS EXECUTION

The rythm is set using a very low frequency generator, on which
frequency is displayed in stroke/min. The shape is alsc assigned:
the signal was triangular, with a longer time allowed for lifting
than for lowering the weight. The diver is given the information
by watching needle movements on the meter named "NOUS" (= us), in
the waterproof container in front of him. Magnetometers attached
to the ergometer enable the diver to control his. own movements,
which are translated by needle movements on the meter named "TOI"
(= you). A recopy device is located at the control station, the
second meter being named "LUI" (= he). The ideal execution would
be to have both needles parallel at all times.

comex




produced, used. disclosed, transmitted nor in any way made public without the written permission of the owner, any person in possassion of this

« THIS DOCUMENT IS THE PROPERTY OF COMEX, all information contained herein .mav neither be re

document acknowledges being bound by the obligation to treat it as confidentiahy.

GAZ
EXPIRES

SIGNAUX
P ELEC.

o~

CPeLLuce |
xvcenele]

4

2
CAPACITE
TAMPON

TABLEAU RESPIRAT!ON SURFACE

e ~
® ® @
X
émano—detendeur :
DTI g eromé!r 5

\_

(- : t?jES/ECHANGEUR
~ " THERmiquE

DEBITMETRE MASSIQUE

Ll:@ELANGE RESPIRE He/H2/02 (HP) ]

Figure 2. RESPIRATORY CIRCUITRY AND THE MEASUREMENT OF
PULMONARY VENTILATION UNDER WET CONDITIONS.

Arrows show the circuit of the respiratory mixture from the
high pressure cylinder, in which it was prepared, up to the free
atmosphere, in which it will be finally evacuated. The cylinder
pressure is read on the manometer Ml. This enable us to measure
the overall gas consumption, knowing the cylinder volume and gas
temperature. After reduction to the intermediate pressure, the
mixture flows through a pressure dropping device. A mass flow-
meter is attached in parallel to the input and the output of this
device. Then gas flows first through a loop submersed in the wet
pot (to be heated at a comfortable temperature), then through a
buffer tank, 20 liters in volume. It then reaches sphere 2, in
which is connected the tether line that supplies the diver. The
expired gas is collected through an exhaust line, which drives it
back to sphere 2 where it is analyzed on line for 02 its content
(fuel cell)., Finally it is directly exhausted in sphere 2, the
pressure of which is maintained at 46 bar (that implies a cons-
tant exhaust of chamber gas equal to diver’s ventilation).
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- Expired oxygen pressure.

Expired oxygen pressure was continuously monitored using
a fuel cell (Sedam), placed in the expired gas flow, at exhaust
level in sphere 2., A special mounting, embodying a 3 way valve
enabled the bellman to switch temporarily from the expired gas
to the inspired nmixture, in order to obtain comparative data.

Capnigram

Carbon dioxide content in the expired gas was measured by
mass spectrometry, an analysis performed by C.E.R.B. specialists.
A minute gas flow was sampled in the diver’s oronasal mask, and
driven through the chamber wall tc a mass spectrometer. The end-
expiratory carbon dioxide fractlon was assumed to represent that
of the alveolar gas.

Mouth pressure.

As done in the Hydra 4 experlment a differential pressure
sensor (range = 700 mbar) was attached horizontally at forehead
level, inside the diver’s helmet. But, in opposition to the Hydra
4 experiment, the reference chamber was open, and left in free
communication with the helmet gas.

Mouth temperature. ‘
A thermocouple was attached to the oronasal mask for sen-
sing the flowing gas temperature.

Cardiac rythm.
Three EKG electrodes were attached to the diver’'s chest.
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Analogic signals were recorded on paper chart, using two
potentiometric multi-channel recorders (10 channels overall).
This very simple and reliable method has however major draw-
backs. Graphic recording corresponds to a very unpractical
method of data storage, uneasy to process and very slow in
access, compared to digital magnetic recording.

This is the reason why we have developed a data acquisition
and processing system, embodying a Minc 11/23 computer, which
was selected because it is specially designed for scientific
experiments, because it can be easily moved from a site to
another, and ordinarily used in most environmental conditions.

The software for Hydra 5 was deveioped by the Bio-engineering
Branch of the Hyperbaric Medicine Program Center (program FRANCE
wreitten in FORTRAN) ; it allows :

1. To collect in parallel voltage signals (0 to S Volts),
delivered by up to 10 different channels ;

2. To convert them to digital signals (0 to 2047 A.D. units
for a voltage change from O to 5 V) ;

3. To display them graphically on a scope, each sequence cor-
responding to a B8 second sample for one channel at a time,
and consisting in 240 successive discrete values.

4, To store them continuously on a floppy disk, in an unfor-
matted binary code. The sampling frequency is 30 Hz (30
discrete values by channel and by second). This allows
10 channels to be recorded during 12 minutes on an 8-inch
floppy disk (900 Blocks), with still available space for
record labelling, and calibration data.

5. To access to the stored data, by reading the floppy disk one
channel at a time, and to convert them into an ASCII format.
This format allows them to be processed using simple BASIC
routines.

The processing routines (seek for extrema, amplitude or interval
determination, averaging and variance computation) are flexible,
written or modified at need, for each single signal, following
the experimenter’'s various requirements.

« THIS DOCUMENT 1S THE PROPERTY OF COMEX, ali information contained herein .rﬁay neither be reproduced, used. disclosed, transmitted nor in any way rﬁéde public without the written permisston of
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2.3. Procedures.

Measurements under wet conditions at 450 meters, were car-
ried out on 17 and 18 may 1985. Each diver stayed 2 hr underwater
at a minimum, and performed 4 runs on the ergometer according to
the following schedule :

1) & minutes, with a 10 kilogram load
2) 6 minutes, with a 15 kilogram load

3) 6 minutes, with 15 kilograms, with his U.B.A. set at the
highermost resistance tolerable treshold

4) a run prolongated after the 6th minute, for as long as
possible, with a normal UBA setting.

All of these runs were recorded on floppy disks, together with
the 2 minute-period of rest preceding exercise, and the 4-minute
period following it (except for the last exercise, when prolonga-
ted beyond the 6th minute).

2.4. Breathing mixture.

The composition and characteristics of the ternary hydrox mix-
ture breathed at 450 m is given in table 2. Reference values are
also given for heliox and a trimix mixture at the same depth.
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3. RESULTS AND DISCUSSION

The data have to be examined from 3 different standpoints :

- from the bio-engineering standpoint, i.e. the feasibility
of recording valuable data from submersed divers :

r

- from the ergonomical standpoint, i.e. the divers’ perfor-
mance at 450 m of simulated depth, breathing hydrox ;

r

" - from the physiological standpoint, i.e. the analysis of
biological variables which we were able to record.

3.1. Bio-engineering data

Physiclogical data must be recorded without encumbering the

" diver or hindering the normal use of the diving garment. The data

from Hydra 5, as well as from Hydra 4, evidence the feasibility
of such measurements, though some difficulties were encountered
with the new techniques. :

a) Criticizable results.

Magnetometry

Not only magnetometers were used for sensing respiratory
movements, they allowed to monitor divers exercise on the arm
ergometer. Waterproofing proved to be insufficient at 450 m,
after a few hours of submersion under prassure. Ccils have to
be coated with a more water repellent material than neoprene
rubber is, bee wax for instance. It appears also that repeating
cycles of gaseous compression and decompression may accelerate
water inflitration, because gas pockets tend to form that create
water drains inside the magnetometer body.

Mass floﬁmeter.‘

A damped signal was expected from the mass flowmeter, with few
oscillations at the breathing rythm, centered on a mean value
which would correspond to an average flow, the gquantity to be
measured. In fact, we observed a biphasic signal, with a peak
corresponding to inspiration, immediately followed by a negative
wave, approximately equal in amplitude (figure 2). This signal
may be reproduced with a ventilatory pump, if this pump is pro-—
grammed for triangle-shaped cycles (i.e. input and output flows
approximately constant). A triangle is assumed to be closer to
the normal shape of a breath than the sinusoidal wave provided by
most respiratory pumps. Finally, in order to process the recorded
data, we were lead to calibrate the flowmeter for an assigned
pattern (assumed to be similar to divers’ breathing pattern), and '
for a given mixture (of the exact composition of the mixture that
was breathed at 450 m). This procedure for measuring ventilation
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50mV

3Osec:.B | (\ . \ (\

Figure 3 SIGNAL DERIVED FROM THE MASS FLOWMETER AT 46 BAR

Each sequence corresponds to 1 minute of recording (analogic
plots on a potentiometric chart recorder).

A. Diver B2 during the first exercise run.

B. Record obtained with a respiratory pump (rate : 9 c/min,
"tidal volume" = 1.85 liter, triangular shape).

(Note the negative wave which seems to indicate a back flow
in the intermediate pressure circuitry)
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is very inconvenient, costly and therefore hardly recommandable.

There is a remaining question about the biphasic shape of the
signal accompanying each breath. The most probable hypothesis is
a gas flowing back at the precise moment where inspiration stops,
that is when the demand valve shuts. The observed phenomenon
would be related to gas inertance, due to its increased density
and lowered compressibility. The need for inserting buffering
capacities in these circuitries, submitted to oscillating flows
{such as surface loops for supplying divers at depth), appears to
be another example of the importance of inertia related phenomena
involved in gas transfer under pressure.

Mouth pressure.

In the Hydra 4 dive, the pressure sensor was used with its
reference chamber closed. In the Hydra S5 dive, it was in free
communication with the helmet gas. The first configuration was
probably better, because mouth pressure recordings were not as
good in Hydra 5 as they were in Hydra 4.

- caomex
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b) Positive data
Computerized acquisition techniques.

The reliability of computerized systems for recording
physiological information is often guestioned. But the system
never failed during the Hydra 5 dive. Twelve floppy disks were
recorded, and data were very rapidly processed, a few weeks,
including the development of all BASIC routines. Chart recor-
dings were used only for rapid data checking or iconographical
purpcses.

Arm ergometer

Displaying the exercise rythm on a analogic read out device
allowed the divers to perform better than they did during the
previous experiment, when communication difficulties were often
encountered. However, the system major drawback is the inability
to monitor the exercise power. It should be emphasized that
divers did prefer exercising under wet than under dry conditions,
which resulted in a beneficial effect on performance.

3.2. Exrgonomical datas

All three divers performed the runs that were requested,
whereas diver B2 and B3 encountered problems in exercising in the
dry at the same pressure. The dive schedules of the dives in the
wet pot at 450 m were as follows :

Diver Bl 122 minutes,

May 17, 1985.

Water temperature : 34°C

15:05 . start dive preparation

15:35 diver gets dressed

16:46 diver enters water

17:18 run on the arm ergometer (10 kg load)

17124 stop exercising

17:47 run on the arm ergometer (15 kg load)

17:53 stop exercising

18:04 change in UBA setting (increased resistance)
18:12 run on the arm ergometer (15 kg load)

18:22 stop exercising, UBA returned to normal setting
18:25. run on the arm ergometer (15 kg load)

18:35 quit exercising

18:48 end of the dive

Overall duration of exercise on arm ergometer : 28 minutes.
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Diver B2 122 minutes.
May 1B, 1985.

Water temperature : 32°C

08:15 start dive preparation |
09:22 diver gets dressed

09:48 diver enters water

10:24 run on the arm ergometer (10 kg load)

10:30 stop exercising

10:49 run on the arm ergeometer (15 kg load)

10:55 stop exercising

11:00 change in UBA setting (increased resistance)
11:11 run on the arm ergometer (15 kg load)

11:17 stop exercising, UBA returned to normal setting
131:33 run on the arm ergometer (15 kg load)

11:41 quit exercising

11:50 end of the diwve

Overall duration of exercise on arm ergometer : 25 minutes.

Diver B3 123 minutes.

May 18, 198%5.

WNater temperature : 31°C

15:10 start dive preparation

15:52 diver gets dressed

16:20 diver enters water

16:43 run on the arm ergometer (10 kg load)

16:49 stop exercising ‘

17:03 run on the arm ergometer (15 kg load)

17:09 stop exercising

17:18 change in UBA setting (increased resistance)
17:42 run on the arm ergometer (15 kg load)

17:48 stop exercising, UBA returned to normal setting
17:58 run on the arm ergometer (15 kg load)

18:11 quit exercising

18:23 end of the dive

Overall duration of exercise on arm ergometer : 31 minutes,
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Questionnaires were filled in by the divers after dive complet-
ion. They were asked about two specific aspects : exercise
laboriousness, and reason for quitting the exercise in the last
run (the diver was supposed to sustain it for as long as he wan-
ted or felt capable).

a) exercise laboriousness
i

With a 10 kilogram load (to lift and lower over a height of
0.40 m, 25 times a minute), all divers reported the exercise
as being "light".

With 15 kilogram (same exercise) Bl and B3 reported it as being
"a little strenous", and B2 as being "moderate".

b) reason for gquitting

Breathlessness or dyspnea was never the reason for quitting the
exercise in the last run. All divers reported to be far from
reaching their ventilatory limits, as well as the U.B.A. maximal
capability to supply gas with a reasonable breathing comfort. The
reasons argued for quitting were arm or hand pain (B2, B3), or
boredom (BlL, B3). Finally the three subjects were satisfied with
their underwater performance, and convinced that they had suffic-
iently evidenced their capability to exercise in such conditions.
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. 3.3. Physiological results

a) pulmonary ventilation

Table 3 to 5 give the observed data :

Table 3 : PULMONARY VENTILATION DIVER Bl

1 2 3 4
Run VE (L/min) 10.4 14.9 17.0 17.5
VT (1) 2.3 2.4 2.2 2.5
Rest fR (c/min) 4.5 6.2 7.7 6.9
VE (Ll/min) 28.1 29.3 30.0 38.8
, VT (1) 2.3 2.7 3.0 2.7
Exercise  ¢p (c/min) 12.3 10.9 10.0 14.4

Table 4 : PULMONARY VENTILATION DIVER B2

1 2 3 4
Run VE (1/min) 18.5 14,2 13.8 12.1
VT (1) 3.0 2.2 2.6 2.5
Rest fR (c/min) 6.2 6.6 5.3 5.6
VE (L/min) 27.7 31.7 31.g 3%.2

. VT (1) 3.3 3.4 3. .
Exercise ¢ (¢/min) 8.3 9.3 B.9 B.3

Table 5 : PULMONARY VENTILATION DIVER B3
1 2 3 4
Run

VE (1/min) 12.5 14.9 20.9 20.2
VT (1) 2.3 2.3 2.5 2.5
Rest fR (c/min) 6.2 6.4 8.4 8.1
VE (1/min)  21.0 28.9 38,1 36.3
Exercise yT (1) 2.5 3.0 3.1 3.1
fR (c/min) 8.5 9.5 12.3 11.7

(#) 2 min average before exercising
(%*%) 4 min average. (3rd, 4th, 5th and last minutes of exercise)
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b) respiratory eguivalent of oxvygen
It can be shown that :

ERoZ = RT /7 “P(I-E)o2

where ERoZ2 is the respiratory equivalent of oxygen (1l/mmol 02):
R the ideal gas constant (0.083 l.mbar/mmol.K)
T the temperature in the lungs (310 K)

"P(I-E)o2 the oxygen pressure difference between the
: expired and the inspired gas (mbar)

The average values computed from ~P(I-E)o2 are :

Bl = 0.47 1/mmol 02 (21 1 BTPS/1 STPD 02)
B2 = 0.44 1l/mmol 02 (20 1 BTPS/1 STPD 02)
B3 = 0,59 l/mmol 02 (20 1 BTPS/1 STPD 02)

Observed values were not different at rest and exercise.

c)‘ogzgen consumption

Values given in table 6 correspond to gross evaluations of the
average oxygen consumption, obtained by dividing volume minute by
the respiratory equivalent of oxygen :

Table 6 : OXYGEN CONSUMPTION ESTIMATIONS ( 1 STPD/min)

Bl B2 B3 Average
'Average over 40 min 1.3 1.3 1.0 1.2
Minimal value (rest) 0.5 0.6 0.5 . 0.5
Maximal value (#) 2.3 1.9 1.6 1.9
Exercise with 10 kg 1.4 1.5 1.0 1.3

(*) over 2 minutes, from highest levels of ventilation
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£, | Figure 4 AVERAGE END-TIDAL CARBON DIOXIDE PRESSURE

The average value is given every two minutes, for all the
measurements completed at 450 m, in the rank of execution
of the runs, and for the three subjects : Bl, B3 and B2.

The shaded area corresponds to the effective duration of the
exercise on the arm ergometer (the last run is sustained for

e as long as the diver wants to or feels capable).

£! Observed values rarely were in excess of 50 Torr ; this seems

to indicate that there was no carbon dioxide retention.
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d) capnigramm

Figure 4 shows for all the measurements completed at 450 m
the average end-tidal carbon dioxide pressure. Observed values
were rarely in excess of 50 Torr ; this seems to indicate that
there was no carbon dioxide retention during exercise.

4. CONCLUSION

During the Hydra S5 experiment, the respiratory measurements
in submersed divers breathing hydrox could not be performed com-
paratively, as this was the case during Hydra 4, in which wvalues
for heliox at equal depths were available. This limits the con-
clusions which may be obtained from this experiment. However, we
can make the four following points :

1°) Although some technical improvements are still needed,
respiratory studies can be performed in the wet on divers wearing
standard professional garments, without encumbrance or interfer-
ence with the normal use of the U.B.A. The most difficult problem
is to measure pulmonary ventilation, unless direct spirometry can
be used (Hydra 4).

2°) Divers seem to exercise more voluntarily in wet than in
dry conditions, with a subsequent improvement in performance.
From the ergonomical standpoint, it must be emphasized that all
divers of team B were able to stay 2 hours in water, to breath
ternary hydrox at 450 m, and to produce important efforts with
arms during 25 to 31 minutes. Average pulmonary ventilation
during the time spent uniderwater was in excess of 25 l/min, i.e.
corresponded to the average value commonly observed during under-
water work. Given the same conditions for an underwater task on
the sea bed (particularly thermal conditions), this suggests that
these divers would have been able to develop an activity level
equivalent to that normally requested.

3?) Physiological data, although fractional and uneasy to
compare, seem to indicate that the divers never approached their
ventilatory limits, with respect to the respiratory mixture, as
well as to the breathing equipment. They reported that, subjec-
tively, breathing hydrox is by far more comfortable than breath-
ing heliox at the same depth. This is also evidenced by some
measurements : the respiratory equivalent of 02 was not reduced,
and there was no sign of carbon dioxide retention, for exercise
levels albeit relatively moderate.
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4%) The pressure reversal effect of hydrogen narcosis was the
most striking result obtained from the Hydra 5 experiment. This
effect could be also evidenced from respiratory measurements in
the wet. Effectively, the conditions that may be compared at the
best to those of Hydra S, with respect to hydrogen pressure, were
those that prevailed at 240 m, breathing binary hydrox, during
the Hydra 4 dive. The 6 divers were asked to perform a similar
exercise on the same arm ergometer, but during 3 minutes only.
With an hydrogen pressure of 24.5 bar, the ability to perform
was considerably reduced by narcosis, and by the "respiratory
depressant effect of hydrogen". During the Hydra 5 dive, with an
hydrogen partial pressure of 24.8 bar, the 3 divers were able to
perform the same exercise during 25 to 31 minutes {and at higher
rate : 25 stroke/min instead of 15). Increased total pressure
from 25 to 46 bar appears to be the major factor accounting for
this striking improvement in divers’ performance.

To our knowledge, the Hydra 5 experiment was the first oppor-
tunity to evidence in man a phenomenon which has been known for
more than 30 years as the "pressure reversal effect", but which
up to now has been observed only in animals.
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BYIDRA V DIVE

ULTRASONIC DETECTION OF CIRCULATING BUBBLES
COUNTERDIFFUSION PHENOMENON DATA

COMPARISON BETWEEN DECCOMPRESSIONS WITH HELIOX AND HYDROX

MASUREL G. GUTIERREZ N

Centre d'Etudes et de Recherches Techniques Sous-Marines
' D.C.A.N. 83800 TOULON-NAVAL
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- . - . HYDR& TV DIVE

~ ULTRASONIC DETECTION OF CIRCULATING BUBBLES
COUNTERDIFFUSION PHENOMENON DATA
COMPARISON BETWEEN DECOMPRESSIONS WITH HELIOX AND HYDROX

MASUREL G* GUTTERREZ N

1« = PURPOSES

/

As: far as we are coneerned the HYDRA V dive experimentation was
. organized with the purpcses as follows :

- on the one hand, to verify some hypotheses based on results of
previous experiments, namely that @

- hydrogen is not toxie at the used partial preasure,
- mizing hydrogen with a diluter may result n getting a higher

threshold of narcosis, which allows to supply the divers with a
mixture at 25 mbar without any noticeable narcotic effects,

~» hydrogen used at such pressures may have a real anti-HPNS power,

- and on the other hand to evaluate : .

- the increased ventilatary energy obtained at 450 msw with the
hydrogenated mixture as compared with the heliox mixture
(ENTEX IX) and the mixture containing 5 %4 nitrogen, dives :
79137, ENTEX V, ENTEX IX.

‘e« the importance of the counterdiffusion phenomenon when switching
back to haliox before decompression.

& limi{ted countardiffusion would enable divers working at the bottom to
use hydrox sequentially through a narghile. This would extend their
cperational limits without modifying the usual diving methods.

2. — MATERIALS AND METHODS

2.1 - Nature and conditions of hydrogen exposuras

The initial experimental protocol specified that each diver
group was to be exposed to hydrox to perform exercises in dry
environment. When the A group of divers returned to heliox, then
the B group was to be compressed and exposed to hydrox %o do
exerceises in dry environment. .

*Centre d'Etudes et de Recherches Techniques Soua-Marines

D.C.A.N. 83800 TOULON-NAVAL
Chemistry - Biology and Toxicology Department (MC GIACOMONI).
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2.2 —-—

2.3 -

Then the diver groups shifted and the A group was returned to
hydrox to carry out exercises under water while the B group
returned to heliox for a limited period.

A second shift waa planned as the A group of divers completed all
the teats ; this group would then be returned to heliox in order
to walt for the B group to complete the tests in hydrogen
environment., Both groups then joined together in the final
decompression with heliox.

Later on the course of events compelled us to modify this
experimental protécol.

Divers

It should be remembered that the A group of divers was composed
of divers selected for their taking part in a previous experimen-
tal dive at 450 msw, and whose results could be taken as referen-
ces., The 3 divers of the A group, were all quite experienced
divers. The A1 diver had previocusly participated in a ENTEX V,
the A2 diver in JANUS IV and ENTEX IX, the A3 diver in JANUS IV
where he was a strong bubble producing subject. In Hydra IV this
diver exhibited no bubbles at the end of a 6-hour exposure to
hydrogen, whereas one of his fellow divers showed a high bubble
grade after only 4 hours of exposure (ref. to 2006 CERTSM 84).

The B group comprised 3 divers of different origin :

Diver B1 - although he was a deep diver - was performing his
£irst experimental deep dive. below 300 msaw. Diver B2 had already
performed deep dive (ENTEX V). As for diver B3 this was the first
time he took part in an experimental deep dive.

Bubble detectors

The bubble detectors used during the dive were our laboratory
detectors of the DUG type, i.e. optimized prototypes. Cne such
detector was placed in the lif'e compartment, a second one in the
transfer compartment, and a third one in the final decompression
chambar.

It is worth noticing that the detectors’ operation was modified
neither by pressure nor by the presence of hydrogen. Only a
considerable reduction in battery life was to be observed as
compared with battery life during a similar experiment in helium
environment.
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2-“ bt

As usual, the Doppler signals were systematically recorded in
chronelogical order cn magnetic tapes and cassettes, so as to
group the results of each diver. '

Methodology'

Each circulating bubble measurement sequences included as
follows : a precordial detection, called detection "at prest®
(R), in the standing subject after a few minutes'! inactivity ;
then a precordial detection "with movement"™ (M) during and
following each one of three knee-bend movements separated by a
one-minute time interval. Bubble grades were estimated according
to the KM code (1).

The measurements also included bubble detection on each femoral
vein and, whenever possible, at the level of the veina cava.

- Sequential measurements were made during confinement and bottom

stays, in order to make sure that the probe was operating
properly and to keep the divers accustomed to the positions of
the preobes on each relevant site.

When switching from the 55 ¢ hydrozen atmosphere to the 30 %
hydrogen mixture, which occured on Day 8 for the A group (i.e.
after 90 hours of exposure to hydrox), a bubble detection was
made immediately on the divers' arrival in chamber C) at 30 %

from chamber (1) at 55 $ hydrogen. Measurements were then made |«

every hour over a S5-hour period. _ :

Likewlise, as regards the switch from the 30 % mixture in cham-
ber (3) to the 0 % mixture in chamber 3 , we applied to the
A group the experimental protocecl requiring a detection on the
diver's arrival in the chamber and then every hecur for the
subsequent four hours. ,

We shall describe and acecount for protocol modifications when
discussing experiment results. ,

In accordance with a now well-established protoccl, three detec-
tions per day were planned during final decompression, namely
one measurement in the morning on the subject's waking, one at
2 p.m. and one at 9 p.m.

t1) KISMAN (K.E.), MASUREL (G.), GUILLER& (R.)

Bubble evaluation code for doppler ultrasonic decompression data.
Abstract published in Undersea Biomedical Research, supplement to vol.

5, N¢

1, March 1978, page 28.
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3. = RESULTS AND DISCUSSION

3.1 = Effects of gas switching

Results of the measurements made to determine the importance of
the counterdiffusion phenomenon are listed in Tabel I and in
Figure 1.

As we can see, the counterdiffusion remained quite moderate when
switching from a 55 % to a 30 % hydrogen mixture. On the con-
trary, switehing from the 30 %4 hydrogen mixture tc the 0 %
mixture eight hours later resulted in an immediate production of
cireulating bubbles. Within 3 Minutes after gas switchover,
diver AZ2 exhibited grade 2+ bubbles at rest and grade 3 bubbles
during movements, together with jitching legs and torso. He
simultaneously felt sick, dizzy and shivering as a probable
result of the HPNS effect of helium. This diver also felt tired
out.

In diver A1 siich a phenomenon was tolerated better. As regards [
diver A3 he was not very' much troubled. He only felt scme
itchings..

1 hour and 40 minutes after his return to heliox, diver A2 began
to vomit. The divers were then supplied with a 2 § oxygen mixture
through a mmsk. It was decided to recompress the divers %o
460 msw.

After 1 'hour of such oxygen breathing the symptoms had somewhat‘
decreased.

He.took off his respiratory mask that he could not wear any
longer. Both of his knees and his right wrist were still aching.

2 hours and 40 minutes after return to heliox atmosphere diver A2
suffered bends in his knees and his left shoulder together with
itching. He then resumed his breathing the 2 % oxygen mixture
through a mask during 25 minutes. He zlsc took 1 g of Aspirin.

As for diver A3, who known to be a bubble-producing subject
during decompressions from saturation, he did no longer exhibit
any symptcms.

S hours and 30 minutes after return to heliox, divers A1 and A2
were mzade to breathe through a mask.
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6 hour and 20 minutes after return to heliox atmosphere, the
iteching felt by A1 increased but they could still be endured if
he stayed 1lying without any movement. Diver A2 also felt
itehings ; articular pains had not decreased very much. The
pressure was increased by 10 msw and the PiCO2 was set at
600 mbar.

T hours after return to heliox atmosaphere, as the situation had
not changed very much, it was decided to recompress the divers to
470 msw, and to break off the programme for a moment until the
situation was clarified.

S mg of Valium and 6 mg of Polaramine were successively prescri-
bed to diver A2 for his itchings. Later on, this diver had to
sleep in a seated position as it was the only position in which
he could feel some relief'. .

The -experimental programme was then modified on account of
counterdiffusion effects observed in divers of the A group.

After return the heliox mixture chamber and compression to
470 msw the divers were allowed to rest for 12 hours at 470 msw.
Afterwards, they were decompressed to 450 msw within 40 hours.
Return to hydrogen was cancelled and it was decided to put off
decompression until complete recovery of the divers., After three
additional rest days at 450 msw the divers were decompressed
after being exposed for one hour to a 600-mbar oxygen mixture
supplied through a mask.

Decompression with heliox mixture

It should be remembered that the decompression profile was a
constant 45 min/m profile up to 15 msw from the surface and
60 min/m from 15 msw until surfacing with a PiCO, as follows @

600 mbar from 450 to 350 maw, -
500 mbar from 350 to 120 msw,
600 mbar from 120 to 15 msw,
24 % between 15 and O msw.

Results of the circulating bubble ultrasonic detéction performed
during decompression are listed in Table II in Figures 2 and 3.
Tt can be noted that the first bubbles cccured very early, at 425
msw, both in diver A2 who produced the greatest number of bubbles
during the switech from hydrox to heliox, and in diver A3 who
exhibited no bubbles at all during gas switching.
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The bubble production remained quite low up to 280 msaw, a depth
at which bubbles occured for the firat time at rest. However,
with one exception in diver A1 at 184 msw, the bubble grades at
rest were never higher than grade 1, which is quite acceptable,
even though the divers exhibited grade 3 bubbles during move-
ments on several occasions between 295 and 38 msw. Diver A3 even
produced grade 4- bubbles at 38 msw on one occasion : this bubble
grade then decreased. Afterwards, A1 and A3 exhibited a slight

" bend at 1,3 maw from the surface. This bend was treated by

3.3~

recompressing the divers to 4 msw, supplying them with oxygen
through a mask on three different occasions, and prescribing
T tablet of Aspegic 1000.

Decompression with hydrox

.Even before counterdiffusion incidents o¢ccured among the divers

of the A group, it had already been decided to decompress the
divers of the B group in a hydrox atmosphere, on account of their
behaviour which was apparently free from any trouble in hydrox

environment.

Subsequently, the advéntage of decompressing the 2nd group in
hydrox envirconment was confirmed by results obtained with the

A group.
We had then to choose hetween two solutions as follows @

- alther decompressing and gradually removing hydrogen to return
to 200 msw in heliox atmosphere,

- or decompressing normally in hydrox atmosphere to 200 msw and
then switching gases according to the same methods as at
450 maw. .

It seemed to us that the first solution would probably be the

‘least severe, although it would then be difficult to determine

the respective parts taken by counterdiffusion and supersatura-
tion in the possible formation of bubbles during the first part
of decompression. In addition to this uncertainty it should be
mentioned that the decompression methods to be used in hydrox
environment are not well known yet. Everything considered, we
selected to decompress in 2-msw decompression steps immediately
followed by 1-msw recompression steps in helium environment, so
as to gradually enrich the mixture with helium and to reduce the
H: up to 2 ¢ when arriving at 200 msw.
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Decompression was started at a rate of 70 min/m, but in the
absence of bubbles this rate was gradually increased as
follows :

— up to 65 min/m from 350 msw,

-~ up to 60 min/m from 300 ﬁsw,

- up to 55 min/m from 250 to 15 msw.

For convenience' sake and not for the sake of necessity, the
decompression rate was then reduced to 90 and 120 min/m between

15 msw and the surface (Figure 2).

The PiCO, was kept at 500 mbar between 450 and 100 msw, at

600 mbar:%rom-100 to 15 msw, and then at 28 % up to the surface.

Results of the circulating bubble detection carried out during
decompression are listed in Table III and in Figures 4 and 5.

When analyzing these data, it appears that bubbles occured later

in the B group than in the A group, that is at 282 msw in diver
B1. Afterwards, a regular bubble flow was observed from 271 msw
in diver B3 who never exhibited bubble grades higher than 1 at
rest and 3 during movements. As for diver B2, he never produced
any bubble. :

On the whole, the 2nd decompression was tolerated better, and it
might have been possible to increase its rate sooner. It seems
that a decompression rate of 50 min/m would be a zood compromise
likely to enaure safe decompression with both gas mixtures. It
would also have prevented A3 from suffering bends.

It is worth noticing that hydrogen decompression rates do not
appear radically different from those of helium. A decompression
rate of the same order for two gases as different as helium and
hydrogen ( see Table IV) would be a factor in favour of perfusion
as a decompression limiting element. ‘
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Ostwald' solubility ccefficient at 37° C
Gas Atomic in ml/1
weight . :
Water 01l Blood Muselea
AHZ 2 18 b9 18 17
'He 4 10 17 10 12
“2 28 1&_ 73 18

Solubility of inert gases in biological fluids and tissus : a review.
WEATHERSBY P.K. HOMER L.D.
Undersea Biomedical Research 7 (U4) 277-256 (1980).

NOTE : We choose for each case mean value from the referéncies.

TABLEAU IV
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BIOCHEMISTRY
HIA Ste~2nne, 83800 Toulon-Naval

A. BARET® A. COURTIERE® M. VERDIER Q. PERAZZATS
Laboratory,

=% Medical Biology Laboratory, HIA Ste-Anne, 83800 Toulon-Naval

% EASSM-CERB, BP 610, 83800 Toulon Naval
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During the course of the experimental saturation dive using heliox and
hydrox at the COMEX Hyperbaric Research Center in May and June 1985
(Operation HYDRA V) biochemical controls were established by measuring
the blood and urine factors of each team of three divers (Team A and
Team B) occupying separate hyperbaric chambers. The following parameters
were studied :

= Usual biological factors (counts, picture)

- Usual biochemical factors

-~ Muscular enzyme release due to cell injury

- Hydroelectric metabolism

~ Endocrine exploration (adrenal and thyroid hypophyseal axes)

CONCLUSIONS

Mnalysis of the measurements made during the HYDRA V experinnent indicates
that ¢

- team B had lower enzyme counts of cardiac origin

- team B had more stable platelet counts

- team B showed fewer hypophyseal thyroid disorders

- team B showed a more pronounced tendency to transient hyperaldos-—
teronism, or Comn's syndrome.

While these observations do not @ constitute sufficient basis for evaluating
the effect of hydrogen at high pressure on human beings, they may prove
useful when analysed in conjunction with those of later hydrox dives to
provide more precise data.

comex




HYDRA V
THE EFFECTS OF THE DIVE ON LUNG CAPACITIES

R. HYACINTHE, EASSM-CERB, BP 610, 83800 TOULON-NAVAL
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The following lung capacities are measured before and after a deep dive
in order to assess the effects of the campression, bottom time and de-
canpresion on the pulmeonary function :

1) Vital Capacity (VC)} in ]T"BI'PS
2) Forced Expiratory Volume in 1 second (FEV1) in LB‘I‘PS°S-1
3) Maximum Expiratory Flow Volume (MEFV) in LBTPS'S_l
: . . o . =1
4) Maximal voluntary Volume (MVV) in LBIT’S'M'
5) Carbon Monoxide Diffusing Capacity of the Lung (DICO) in
ml min -1 torr -1
SI\PD.- - . »
6) Carbon Monoxide Diffusing Capacity per liter (DDCO.VE_l) in
- ~1
mlsrPD.torr. l"LBI'PS
CONCLUSTIONS
1) It is not possible to demonstrate any specific effect related to
the nature of the gas on the lung capacities measured immediately
after the dive. '
2) Both of the HYDRA V operating modes were remarkably well tolerated

The rigorcusness of the living and working conditions enabled one of the

divers to recover from the activities he had been engaged in before
HYDRA V.
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DIVER Al
Age (years) : 40
Height (m) : 1,89
Weight (kgs) : 88
Body surface (square meters) : 2,15

Vital Capacity (CV) in I‘BTPS
Pre~dive : 6.32
Post—dive : 6.28 (compared with pre-dive) = - 0.6 %)

Forced Expiratory Volume in 1 seconq (FEV1) in LBTPS"S-I:
Pre-dive : 4.15
Post~dive : 4.10 (compared with pre-dive ='- 1.2 %)

Maximm Expiratory Flow Volure (MEFV) in Lyooo-S
Pre-dive : 2.45
Post-dive : 3.93 (compared with pre-dive = + 60.4 %)
Maximal Voluntary Volume (MW) in LBTPS:.min._l :
Pre-dive : 196
Post-dive : 208 (compared with pre-dive = + 6.1 %)

Carbon Monoxide Diffusing Capacity of the Iung (DLCO) in m}.STPD.min.-l

.borr.“l
Pre-dive : 24.1

Post-dive : 32.2 (compared with pre-dive = + 33.6 %)

Carbon Monoxide Diffusing Capacity per liter {DLCO.VE—l) in ml .torr

-1 -1 - STPD
+ oLgppg
Pre-dive : 4.02

Post-dive : 3.35 (compared with pre-dive = - 16.7 %).

comex
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DIVER A2

Age (years) = 35
Height (cm) = 183
Weight (kg) = 80
Body surface (square meter} = 2.02m2

Vital Capacity (CV) in Lynno

Pre-dive : 5.53

Post-dive : 6.05 (compared with pre-dive) = +9.4 %)

Forced Expiratory Volume in 1 second (FEV1) in LB‘I’PS'S-l
Pre-dive : 3.60

Post-dive : 3.56 (compared with pre-dive = - 1.1 %)
Maximm Expiratory Flow Volume (MEFV) in LBTPS'S“I :
Pre-dive : 1.91
Post-dive : 2.02  (compared with pre-dive = + 5.2 %)
: : . N
Maximal Voluntary Volume (MVV) in LBTPS'mln' :
Pre-dive : 192
Post-dive : 202 (comparest with pre-dive = + 5.2 %)

Carbon Monoxide Diffusing Capacity of the Lung (DICO) in mlSTPD'min'

.torr.-l :

Pre~dive : 21.0
Post-dive : 20.6  (compared with pre-dive = - 1.9 %)

Carbon Monoxide Diffusing Capacity per liter (Dmo.vE‘l) in ml

-1
- Lpppg7l
Pre~dive : 2.10
Post-dive : 2.26  (compared with pre-dive : + 7.6 %)

-1

D.torr

comex
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DIVER A3
Age (years) = 34
Height (cm) = 176
Weight (kg) = 74

Body surface (square meter) = 1.90

Vital Capacity (CV) in Lomog &

Pre-dive : ©6.25

Post—dive : 6.21 (compared with pre-dive! = — 0.6 %)

Forced Expiratory Volume in 1 secord (FEV1) in IBTPS'S—I
Pre-dive : 5.01 '
Post—dive : 4.92 {compared with pre-dive = - 1.8 %)

Maximum Expiratory Flow Volume (MEFV) in I‘B'I'PS‘S 3
Pre~dive : 4.8l
Post-dive : 4.85  (compared with pre-dive = + 0.8 %)
Maximal Voluntary Volume (MWV) in Lpne auin. "t
Pre—dive : 172
Post-dive : 208 (compared with pre-dive = + 20.9 %)

Carbon Moroxide Diffusing Capacity of the Lung (DICO) in nﬂ.STPD.nd.n.“l
.tt:)r:r.“l :
Pre-dive : 25.7

Post-dive : 26.4 {compared with pre-dive = + 2.7 %)

Carbon Moroxide Diffusing Capacity per liter (DECO.V 1) in mlg,.torr
-1
» lpppg™d

Pre-dive : 1.84

Post-dive : 2.45 (compared with pre-dive : + 33.1 %)
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DIVER Bl

Age (years) = 32
Height (cm) = 176
Weight (kg) = 73
Body surface (square meter) = 1.89

Vital Capacity (CV) in Loopo

Pre-dive : 5.60
Post-dive : 5.67 (compared with pre-dive) = + 1.2 3)
Forced Expiratory Volume in 1 second (FEV1) in LB'I‘PS'S_l
Pre-dive : 4.16 '
Post-dive : 4.04  (compared with pre-dive = ~ 2.9 %)
Maximum Expiratory Flow Volume (MEFV) in LBTPS'S-I :
Pre-dive : 3.11

Post-dive : 2-91  (compared with pre-dive = = 6.4 %)
: . NS
Maximal Voluntary Volume (MVV) in LB’IPS Jnin. :
Pre~dive : 154
Post-dive : 170 (compared with pre-dive = 4 9 g)
Carbon Moroxide Diffusing Capacity of the Lung (DLCD) in mlgpy .min.
_1 .
torr. H

Pre~dive : 35.4
Post-dive : 22.6 {compared with pre-dive = ~ 36.2 %)

Carbon Monoxide Diffusing Capacity per liter (cho.vE'l) in mlg,.torr
-1
»Lgppg7!

Pre-dive : 3.38

Post-dive : 3.40 (compared with pre~dive : + 0.6 %)
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DIVER B2
Age (years) = 31
Height (cm) = 179
Weight (kg) = 75

Body surface (square meter) = 1.94

Vital Capacity (CV) in LBTPS .

Pre-dive : 5.40

Post~dive : 5.83 (compared with pre-dive)

-1

Forced Expiratory Volume in 1 second (FEV1) in I‘BTPS‘S

Pre-dive : 4.09

Post-dive : 4.55 {compared with pre-dive

Maxdmum Expiratory Flow Volume (MEFV) in I‘BTPS°S
Pre—dive : 3.48

Post-dive : 4.10  {compared with pre-dive

Maximal Voluntary Volume (MVV) in LB'I'PS‘mn'—l :
Pre-dive : 139

Post-dive : 174 (comparegt with pre—dive

-1

+ 11.3 )

17.8 %)

+ 25.2 %)

-1

Carbon Moroxide Diffusing Capacity of the Lung (DLCO) in mlSTPD.min.

.torr.“1 : '

Pre-dive : 24.7
Post~dive : 34.6

Carbon Monoxide Diffusing Capacity per liter (D]‘.L':O.VE“l) in ml

-1
" 'LBTPS*]':
Pre-dive : 2.36

Post-dive : 3.79  {compared with pre-diwve

L]
H

{compared with pre~dive = + 40 %)

+ 60.6 %)

STED” torr
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DIVER B3
Age (years) = 34
Height (cm) = 172
Weight (kg) = 75

Body surface (square meter) = 1.88

Vital Capacity (CV) in Lo

Pre-dive : 4.77
Post-dive : 4.84 (compared with pre-dive! = + 1.5 %)

Forced Expiratory Volume in 1 second (FEV1) in LB'I'.I?S‘S-
Pre-dive : 3.57
Post-dive : 3.68 {compared with pre-dive = + 3.1 %)
Maximm Expiratory Flow Volume (MEFV) in I‘B’I‘PS'S-I :
Pre~dive : 3.30 '
Post-dive : 3.49  (compared with pre-dive = + 5.8 %)
Maximal Voluntary Volume (MVV) in I’B’I‘Ps'min'_l :
Pre—dive : 177 ‘
- 4.5 %)

Post~dive : 169 (comparegd with pre-dive =
Carbon Monoxide Diffusing Capacity of the Lung (DLCO) in mlgpps.min.”"
storr.”L '

Pre—dive : 23.8

Post~dive : 21.0  (compared with pre-dive = - 12.1 %)
Carbon Monoxide Diffusing Capacity per liter (DI(D.VE“l) in mlSTPD.torr

-1
- It .
Pre-dive : 3.19
Post=dive : 2.30 (compared with pre-dive : - 27.9 %)
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SCINTIGRAPH EXAMINATION
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Lung examinations using Xenon 133 and bone examinations using MDP Tc 99 m
were carried out on all of the divers before and after the HYDRA V dive, but
the exertion test with intravenous injection of Thallium 201 was only carried
out before the dive. The same protocol was followed as for the ENTEX 8 and 9
dives.

The¥2 133 lung examination was made preparatory to studying the ventilation,
the perfusion, and the ventilation/perfusion ratio. The results of these exa-
minations are correlated with the results of the functional respiratory exa-
minations carried ocut the same day. The dissolved Xenon content and the
"rinsing" rate of certain tissues can also be studied. ‘

Bone scintigraphy reveals any local modifications in the phosphocalcic meta-
bolism which may occour during the dive and which will show up as hyperfixa-
tions. The exertion test with Thallium 201 injection combined with ECG is
used to eliminate any possible latent corcnary pathology.

CONCLUSIONS

Diver B3 had a significant hyperfixation.in the proximal epiphysis of the left
tibia, and the other five divers showed a diffuse increase in fixation of the
joints of the lower limbs. Xe 133 lung examination demonstrated little or no
variation in the ventilatory parameters but a decrease in the peak perfusion
with an increased ventilation/perfusion ratio. The Thallium 201 exertion test
eliminated any latent coronary lesions in the six divers.
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Odorous properties of some gases in hyperbaric atmosphere
P. LAFFORT* and C. GORTAN**
*| aboratoire de Physioclogie de la Chimioréception, C.N.R.S.,
91190 Gif-sur-Yvette (France)
**¥COMEX S.A., 36 Boulevard des Océdans, 13275 Marseille-Cedex 9 (France)

The unique demonstration of an olfactory perception at hyperbaric
atmosphere, for gases inodorous at normal atmosphere, was made by P.
Laffort (Thesis, Paris-Orsay, France, 69 p., 1966 ; and in Theories of
odor and odor measurement, N. Tanyolag ed., Maidenhead, U.K.,
Technivision, 247-270, 1968) (1). Nevertheless, two difficulties arose
with this former experimentation. First, the pressure was limited to 5
absolute atmospheres . (ATA), on account of the security of the subjects.
Secondly, the temperature was not maintained constant, and it is well
known that the olfactory perception is also depending on this parameter.

The present experimentation was carried out in a range of 2-23 ATA, in
atmosphere of heliox (helium + oxygen), at 30°-2°9C (comfort temperature in
helium), during the decompression period of the HYDRA V operation. Three
of the divers of this operation acted as subjects (L. Schneider, P. Raude
and J.G. Marcel-Auda). Polyethylene bags closed by a glass nose piece were
used and filled with studied gases (methane and krypton). The bags were
filled at the time of the measure by the divers themselves from a 1 liter
water capacity bottle, identified by code names. The odourless control was
constituted by a third bag filled with helium. The experimentation was
completed by a measure at normal atmosphere with 9 other subjects.

From "odorous" and "odourless' responses, a dose-Tesponse cCurve was
obtained entirely for methane and partially for krypton. The olfactory
thresholds (50 % of positive responses) were evaluated at 2 ATA for
krypton and 3 ATA for methane. Partial pressures of impurities, calculated
from data of AIR LIQUIDE Company, can be considered as negligible at these
pressures. The lowest pressures for which the two gases were olfactorily
perceived with 100 % of positive responses are 6 and 13 ATA, respectively
for krypton and methane. According to the terms used by the divers, the
odour quality of the two studied gases seems of '"chloroform" type, with,
in addition, an "irritating" touch for krypton and a '"refreshing" one for
methane. From several considerations, it can be assumed that the sensation
induced by methane and krypton is olfactory and not gustatory of ‘'"sweet"

type.

The higher odority of a gas in hyperbaric atmosphere is explained by a
higher concentration of this substance at receptor cells level : in the
case of pure gases, the partial pressure equals the environmental total
pressure. The results obtained demonstrate the existence of olfactory
sensitivity for these substances known as inodorous. Moreover, planning
structure-activity relationships, it is possible, by this way, to know the
olfactory thresholds of small molecular weight compounds (for example,
human thresholds of n-paraffin were known in a range of C2-C18 till now).

(1) E.M. Case and J.B.S. Haldane (Nature, 148, 84, 1941) found, by total
immersion of the subjects in the gases to be studied, a metallic gapidity
for oxygen and nitrogen, respectively at 8 and 10 ATA (absolute
atmospheres).
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OPHTALMOLOGICAL MEASUREMENTS
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INTRODUCTION

On HYDRA V occasicon, an orhtalmologist was integrated into the scientific
team of an experimental dive for the first time at COMEX.

A fairly complete range of ophtalmological and neuwrc—opthalmological tests
was carried out on each of the two teams, five times and under specially
adapted technical conditions.

An important quantity of measures was obtained. Results, which are surpri-
ging at times, should be considered with care, compared with those of other
special fields, checked during hydrogen dives or more classical ones in order
to define variation factors better.

We will study :

- relations between ophtalmology and experimental and professional diving,

- measures realized in Martigues Ophtalmological Centre (MOC),

= chosen tests and means used to carry them ocut,

- experimentation:results,

- possible conclusion,

- and we will try to anticipate in which direction future research should
be done.

=]

= OPHTALMOLOGY DURING EXPERIMENTAL AND PROFESSIONAL DIVING

1) Why Ophtalmology ?

Sight being one of the senses, one can wonder whether :

- envirommental perception is modified as far as visual acuity or visual
field is concerned,

-~ a manual worker’s binocular vision and therefore his notion of relief
is affected,

- an acquired dyschromatopsia alters perception of safety signals or
estimation of work realised by a welder

S0 : sensorial modification and efficiency, anticipation of accident at work
risk, but also from a neurc-opthalmological point of view, achievement of
additional results.

2) Ophtalmologist and experimental diving

A professional clinician, whatever his additional training and diving or
aeronautical medicine and his habit of sport diving is, knows little about
professional diving and even less about experimental one.
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He must integrate into a team of researchers that often work in a laboratory
and have knorw one another for many years whereas his special field is not
well known.

He must understand divers in their reactions and through a wvocal deccder,
during a relatively heavy experimental program.

He must adapt his research means to diving systems.

3) Examination conditions :

The technique used to carry out the tests is largely modified. It is diffi-
cult to observe the diver, especially his corneal reflex and therefore his
fixation. His wice is hardly understandable at times. The volume of the
equipment which is sometimes needed in duplicate as it was the case for
the HYDRA V experiment and its two chambers is limited by the exiquity of
the chambers.,

No light source can be introduced into hydrogen atmosphere.

Light has sometimes little intensity and does not reproduce solar spectrum :
in addition, its reflexion on very closewalls modifies its wavelengths.

So, luminosity on the tests table was 400 Lu.x inside the spheres, 180 Lux
inside the chamber, therefore at the limit of high mesopical illumination.
Portholes, through which the visual field was done, were 10 cm thick, with
a 19 cm diameter in the spheres : 11.34 and 30 in the chamber.

As a result, the choice of tests and devices was affected by these conditions
and techniques used to carry them out had to be adapted.

4} Choice of the tests :

Our choice was influenced by a previous work (1977, Toulouse - thesis :
Investigation means in clinical experimentations of neurovasculotrop medicines
in degenerative ocular pathology), our daily ophtalmological practice, our
knowledge of diving and aeronautical medicine and our practice of sport
diving.

Tests had to be of current usage, using devices available in the whole world,
providing results with figures excluding any notion of "better or not so
good"; they also had to be easily learnt and performed by the divers, compa-
tible with the above mentioned environmental facts, comparable in the two
chambers, and be easily reproduced by any team.

IT - DIVERS' EXAMINATION AT MARTIGUES OPHTALMOLOGLCAL CENTER (M.0.C.)

1) General information

The M.0.C., where three doctors and two orthoptists work permanently, belongs
to a group of nine ophtalmological surgeons; they have very complete and
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sophisticated therapeutical and investigation means.

Two teams of 4 and 5 divers were examined for 5 hours in front of COMEX and
GISMER doctors; this would have been felt as long and exhausting by any
patient. One must acknowledge their real cooperation.

List of tests and their presentation appear on the enclosed annex. We use
these tests daily; they are hardly agressive and were giving us all the ne-
cessary information for diving.

Only the pupillary dilatation after cyclopegic effect necessary to examine
retinal fundus periphery seems to have affected the divers, because of its
average of 18 hours remanence.

Each bé.ttery of tests was preceded by an explanation.

Examination of ocular motor functions and initiation to the tests to be car-
ried out in a caisson were perfected by M.0.C.

Colour tests and visual fields which had to be carried out in a.caisson under
very special conditions were not perfected at M.O.C.

2) Results

Visual acuity is good only apparently. As a matter of fact it is 6/30 or
20/100 in A2 and B2 because of a noticeable latent hypermetropia that
required a correction of presbyopia in one diver (A2) at the age of 35. Se-
parate reading glasses were prescribed and worn during the test after a first
phase devoted to getting accustomed to them.

A more or less important exophoria appears with MADDOX wing test.

among the selected divers, fusion is bad in a diver (B2) who has a' non-
corrected hypermetropia.

No glaucomas were found.

In the ocular fundus eye, a tendency to an increase of the minimm opthalmic
artery pressure and to a retinal arterial narrowing, among divers who were
examined, is noticeable; finally one man (Al) shows some modifications in
the retinal periphery.

ITT - TESTS USED

- Visual acuity was measured according to SNELLEN and ROSSANO-WEISS charts
in order to eliminate any clues given by letters.

- The amplitude of accommodation is the value of the difference between

the far point. and the near point. The near point was measured from the
TRAGUS, to avoid quivering with a gratuated rule on the smallest R.W. tests.
- The MADDOX wing test, which dissociates each eye image close to measure
the position of one eye in relation to the other.

No deviation is called orthophoria, external deviation is called exophoria,
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internal : esophoria and altitudinal : hyperphoria.
- The prism bar deviates light rays towards its base. If binocular vision

is maintained, the eyes rotate to preserve fusion.

Divergence was found always normal and vertical deviation was found excep-
tional during preliminary tests, only convergence was measured from far and
near distance. Norms are 20 and 40 prismatic dioptries respectively.

- Color tests were carried out with the FARSWORTH 100 HUE.

This test, which is time consuming and tedious but very sensitive, consists
of classifying 85 coloured chips covering the visible spectrum. It detects
congenital and acquired deficiencies in the perception of one of the three
fundamental colours and given an error score. Considering the weak luminosity
and the time available, the test was carried out in binocular and for about
20 minutes.

According to the kind of ocular impairements it is found, classicaly, a
red-green defect in macular lesion, a blue-yellow defect ' in retinal periphe-
rial lesions, and a green-red defect in optic nerve pathology.

The visual field was achiewved with a multiple stimuli static perimeter,
FRIEDMAN type.

The subject's head maintained on a chin rest from where a mesopic illumina-
tion is given , .is located 33 cm away from a screen which has a 36 cm
diameter and 46 holes lit up by set of 2, 3 or 4 thanks to a XENON flash.
Values of neutral filters which reduce target luminosity and detect thres-—
holds of each point are transcribed on a diagram. Putting that test into
practice has turned out to be particularly difficult, since it was achieved
through a thick and narrow porthole, the chin rest and so the lighting of
screen suppressed, whereas a 33 cm distance was kept. Various devices made
that examination reliable and reproductible from one chamber to the other.
The three divers were tested in about 30 minutes.

IV ~ RESULTS

This test program was carried out on each diver 5 times, except for the
mesopical vision which would have been too tiring as far as time is concermed
because of the time required to dark adaptation for the vision of colours
during the fifth test,since téamBwas tired and close to going out.
Tests were carried out on day (D) : 2. 6. 13. 15, 27 for team A

and day (D) : 0. 3. 7. 18, 21 for team B
In each case we had 90 minutes that turned out to be sufficient to set un arwj
carried out each test as well as transcribe the results.
Except for the visual field, results were transcribed by the divers themsel-
ves and put through a screen at the end of the day.
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1) Visual acuity ;
a} far vision results regarding team A were normal or sometimes not enti-
rely transcribed.
As for B2 and specially B3, variations must be comprared with troubles
of the visual field.

b} near vision, the divers transcriptions canmot be interpreted. This
may be due to the complicated marking system of the R.W. chart. Never-
theless, minimm distances of clear near vision, always below 20 cm,
lead us to think that for ameasure conventionally realized at 35 cm,
medifications are not major ones.

¢) amplitude of accomodation :

. was obviously disturbed,
. maximum impairement was reached at 450 m
. curves were often biphasic.

2} Ocular motility exgmination.

A difference between tests carried out at M.0.C. and the confining phase ones
was observed. Is thls due to the influence of the orthoptist controlling the
first tests or to the divers being left to themselves, or to the influence
of accomedation which hardly relaxes in a reduced space or already the in-

flvence of gas or pressure and physical adaptation ?

1 - With the MADDOX test wing the exophoria diminished in , at least,
4 cases. In 3 cases it was reduced even reversed.

2 - With the prism bar, it is mainly the near convergence which is alte-
red. The near and far representative curves were sometimes crossing. So
stereoscope vision at half and scometimes rear distance would be disturbed,
and its influence on some psychometrical tests must be discussed. Training
through repeating the tests should improve it.

3 - Visual field.

Perception of stimuli located on the two more : peripheral area was clearly
altered; modifications made on the equipment, the noticeable increase in the
portholes thickness through obliquity, the frequency of the phenomenon in
current OPH. practice do not make us take that alteration into account.

A decrease of paracentral sensitivity will appear in three divers. Mainly
for the same diver : B3. On D.7 a decrease of perioccecal sensitivity of the
left eaye was ocbserved. On D 18 the pericoecal scotoma was enlarged and on
the right eye it was found a slight decrease of nasal sensitivity, calling to
mind a left lateral homonymous defect.

In Bl, a very relative left peri central defect on D7, left pericoecal on D18.
In B3 and Bl, these defects seemed to be an associated modification of visual
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acuity.

A3 also shows a fairly discret pericoecal bilateral defect, prevailing on the
right on D 27.

Scores obtained by adding neutral filters, periphery excluded, would tend to
confirm these results. .

Because of their distribution, these defects did not allow to make a diffe-
rence between helium and hydrogen and between the two chambers.

4) Color vision
Two types of deficiencies have been cbserved.

a) In the reference measures realised in confinement isolated errors between
510 and 480 nanometers were found. These errors could be attributed to low
illumination, charactarized by a begimning of blue-yellox axis on mesopic
level.

b) A dyschromatbpsia axis appears in Al, A3 and more or less in A2 on

D 13, 15, 27, in Bl, B2,B3 ohD3, D7, more or less on D 18.

Brrors reached their maximum for both teams in the first and third box-
sample, which corresponded to a triton axis, and so to a deficiency in the
blue.

These deficiencies varied through time and although the axis varied, it
stayed tritan which was a confirmation of an acguired and dynamic deficiency
The mesopic level cannot be put fomard specially since the chamber stays

the same for team B.
5) Hydrophilic contact lenses

We had been given by ESSILOR Laboratories discs made of ES 70 material and
Lunelle lenses which, put into protected flasks of physiological salt solu-
tion but left open were placed in both chambers.

ESSTLOR gave us the following results :

= As for as the discs are concerned, it was noticed that two samples out
of twelve: showed an increase in thickness varying from 1 to 4/100 th after
diving.

= Ag for as the lunette lenses are concerned, two out of four showed
an increase in the internal curve ray of 8 to 10/100th as well as an in-
crease in the total diameter for three of them, a variation of about 5 to
15/100th.
Still concerning the lunette lenses, it was noticed a fungical presence on
two of them and, on the four others, either a violet light or a slight pink

colouring.

comex




12 - 7A

produced, used, disclosed. transmitled nor in any way made public without the written permission of the owner, any person in possession of this

on contained hergin may neither be re

igation to trean it as confidentialy,

« THIS DOCUMENT IS THE PROPERTY OF COMEX, all informati

document acknowledges being bound by the obi

6) Synthesis

= First of all we must point out that, except for the retinal arterial ves-
sels and their pressure, the test which was realized in the OPH centre is
normal and showed no sign of a chronical pathology.

= Soame of the tests which were carried cut are open to a development in
their practising and so a progressive improvement in results could have been
cbserved.

= The two groups differed at times but results remained homogeneous in a
same group.
= The effects changed through time without allowing us to differenciate the

effect of the various gases or of the pressure.

= Tt is difficult to differenciate the two chambers : this fact underlines
the reliability of our tests.

= Several types of curves were observed.

- maximum deficiency at the beginning of the étage at 450 m
~- maximm deficiency at the end of the stage
~ finally biphasical curves

= Curves between D6 and D13 are uncertain considering D8 for Team A
= Finally the etiopathogenia of these troubles is difficult to assert :

- it is probably several neuro-ophtalmolcgical structures the function
of which has been altered, considering the variety of disturbed tests.

- for a same structure, such as retina, it is not so much a question of
a vascular or neurological systematization than a question of showing a grea-
ter sensitiveness to a factor of a cells population : specific cones of the
blue for the 100 HUE or average zone for example for the Friedman.

~ very few coamon deniminators can be really mentioned by an ophtalmolo-
gist and, for a first work, one could not reason by analogy without extreme
care.

V = WORK PROSPECT

= The choice of the tests seemed to be good and gave a fairly wide range of
ophtalmological exploration

= Time needed for testing can be evaluated at 30 minutes per diver

= the choice of 5 sets of tests programmed by COMEX is to be kept
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Considering the types of curves cbtained, the tests should be performed :

in confinement

shortly after arriving at the maximum depth
shortly before leaving it

shortly after the beginning of the ascent
and during decompression

= They are very few modifications to be brought to the way the tests were

carried out, only :

a closer supervision of the results transcription by the divers
a more sophisticated installation for the Friedmann

= The pressure and various gas own influence could be determined by a daily
practice of sane very short tests, in 5 or 10 min, for example : remaining

accamnodation, Maddox, prisms.

= Tf phenarenons of an accumilative type were confirmed, could the ophtalmo-

logist participate in estimating the maximum duration of a stage ?

= The arrival of new devices such as the ERG, EOG, PEV which do not require
pupillar dilatation or contact lenses, would allow an exploratién of the cen-
tral and peripheral retina of the secondary optical ways and of the scotopic
and photopic systems.

= At the eye fundus, vessels and the PRO could be checked on a great number

of divers and allow statistics calculation.

= TIn the absence of any ophtalmological references, taking the etiological
hypothesis and prospects which are now open into consideration, these tests
will have to be repeated at identical and inferiocr depths in using Nitro-
gen, Heliox, Trimix mixes and also at greater depths.

CONCLUSTON

For the first time in deep experimental diving and for the first time in an
hydrogen mixture, a set of opthalmological tests has been carried out, showing
a wide range of the speciality and giving a very satisfactory amount of
results thanksto the fact that 5 measures were made possible.

These tests were obviously disturbed.

 Considering the results cbtained, the non-agressiveness of the tests, the

accuracy of the results and of the etiological hypothesis, the participation
of neuro—opthalmology and ophtalmology could well be thought of for future

diving.
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1 - TECHNOLOGICAL IMPERATIVES

The preliminary study of the flammability of ternary hydrogenated mixtures,
the rigorous control of the quality of hydrogen used as a breathing gas and
the adapting of hyperbaric equipﬁent to hydrox constituted the most impertant
elements in the preparation of HYDRA V. In accordance with the requirements
set down by C. Gortan, the procedures for the use of saturation diving equip-
ment were defined so as to preclude the presence of any flammable mixture at
any time and any place in the hyperbaric complex and its peripheral equipment.
Due to the equally high level in the competence of the surface personnel and
the quality of the installation, the 18 days "on hydrogen" passed without any
mishaps.

2 - STUDY OF BEHAVIOUR AND MEDICAL SUPERVISION

The harmlessness of hydrogen as a breathing gas during long exposure was
confirmed.

Our rough calculation of the PH, level tolewable.at 450 m was found to be

valid and although the "hydrogen effect" was perceptible, especially in team
2 (23 bars instead of 25) would
have further normalised the neuropsychic state of the six men - none of whom

B, we are inclined to believe that a lower PH

sustained any HPNS disorders while breathing the ternary mixtures of more than
25 % hydrogen.

We were expecting a resurgence of HPNS on heliox but not so pronounced, in
view of the fact that we took the precaution of putting the three divers on
an intermediate mixture of 30 % H, for 8 hours.

With the switch to pure heliox at 46 ATA, on the basis of our experience with
HYDRA IV we were prepared for an effect of ischaric counterdiffusion, but we

underestimated it, if only because of its variability from one individual to

another and the precautions we had taken of an 8~hour transit on 30 % H2'

The formation of circulating generalised subcutaneous bubbles (Doppler : 2+)
in diver A, - although quite quickly curbed by recompression of 2 bars -
constitutes one experimental result which should be taken intc account for the
future of industrial diving with hydrogenated mixtures. It is important to
ascertain whether switching breathing mixtures (chambers on heliox, diving
bell and divers on hydrox, for instance) is not something to be avoided in
underwater work.,
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As for team A, the three divers would have been glad to remain on hydrox, they
felt so good at 450 m - "like heliox at 200 or 250 meters”....

3 - NEUROPHYSIOLOGY AND PSYCHOLOGY

Exposure to a hydrox mixture of 54 % H2 did not serve to prevent electro-
encephalographic modifications, noted regqularly by J.C. Rostain at 450 m -
both on heliox and nitrogen trimix - and more particularly in the four divers
who had had experience at this depth.

Neither did hydrox prevent disturbance of sleep patterns... but how sure can
we be that a certain amount of dyssomnia was not due to the constrained and
cramped envirorment and thermal discomfort '?

On the other hand, on hydrox, the absence of tremor was evidence of the disap—
pearance (or masking) of HPNS, of which it is the primary and most constant
manifestation. Tremor reappeared in the divers of team A when they went back
to pure heliox.

Performance on the psychometric tests was erratic, certainly influenced, par-
ticularly in team B, by a slight degree of narcosis. Narcosis was evaluated
by three cognitive tests which show a slight deterioration in performance,
with broad individual variations (M. Carlioz) and a temporary learning block
during the periocd following arrival on the bottom (R. Bugat) . Nevertheless,
the results of tests used previously in ENTEX 5, 8 and 9 for the same conpres-
sion profile show a definite advantage of ternary hydrox over nitrogen trimix.
Finally, the visual Choice Reaction Time with 4 choices did not undergo any
significant variation during the period on hydrox, which seems to confirm
clinical absence of HPNS (C. Iemaire).

As for the conative tests, aside from a feeling of tiredness the divers per-
ceived on arrival at the bottom, these reveal (despite the variability of
individual reactions ) the state of stress caused by deep diving, whatever
the nature of the breathing mixture. To which we should add that this stress,
psychic rather somatic, is not the most pronounced form of stress encountered
in occupational medicine. |

4 - RESPIRATORY AND CARDIOVASCULAR PHYSIOLOGY

Three of the six subjects were thoroughly examined in the dry and according to
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P. Giry, it would appear that the effects of hydrogen are due more to its
neurotropic effect thant to its density. The hyposensitivity of the nerwvous
system on hydrox seems to attenuate the impression of strenuwous effort and in-
crease tolerance to a slight hypercapnia. If this should be confirmed, it
would be advisable to lower the PH, to avoid overestimating performance pos-

" sibilities.

In the wet, on the other hand, although comparative respiratory measurements
were not possible G. Inbert found higher motivation ameng the three team B
divers for exercises in imnmersion, in ergonomic conditions better suited to
their capacities. Hence a satisfactory level of effort cbtained on the cyclo-
rower for periods of 25 to 31 minutes, with respiratory comfort and a venti-
lation of 30 l.m:'Ln-l on hydrogen mix. The respiratory equivalent stayed re-
latively high, without Co, retention, for moderately energetic activity
approximating that of working conditions.

From a cardiovascular point of view the experimental conditions did not per-
mit precise quantification of the difference between the exercises carried out

on the two mixtures.

For team A, the results on hydrox at 450 m were closer to reference values
than those on heliox - without, however, being statistically significant, in
the opinion of E. Flynn. All the members of team B, fully equipped, were able
to carry out in immersion what was asked of them, and in no case did the
graphs show cardiac arrhythmia - but it is true that we did not test at the
divers' full -effort capacity.

5 - THE DECOMPRESSIONS

After their stay on heliox, team A decompressed with the same mixture at
variable PJ'.O2 ard at constant speed up to 15 m, following a well established

procedure.

The first venous bubbles were detected very early, at 425 m for diver A, -

the one who had had trouble with the switch from hydrox to heliox at the bot-
tom - but also for diver A., the one who had had the least trouble with this
switch. None of this decompression was a surprise to us, not even the slight
bends felt by Al and A3 at 1.3 m from surface. These little terminal "hitches"
are not excluded in heliox decompressions, not even ours, which has proven

to be perfectly well tolerated in numerous experimental saturations carried
out by COMEX and GISMER. As we all know, a decompression which is perfect

for 100 % of all diwvers does not exist...
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Decompression of team B was carried out on hydrogen mix with decreasing pro-
portions of hydrogen up to. 200 m. Slow dehydrogenation was expected to prevent
the problems of counterdiffusion encountered by team A (at 46 ATM). The fall
in pressure, obtained by gradual elimination of hydrogen, started at

0.86 m.h Y, under Doppler control.

Observing an absence of bubbles at 350 m we increased the rate of ascent to 1
and then to 1.09 m.h™' with a Pi0, of 0.6 then 0.5 bar. Not until 280 m did
a low bubble count appear in two of the three divers.

One must not forget that this was a "premiére" and that we disposed of only
two elements to establish our decompression profile :

- the solubility of hydrogen in fat (2 1/2 times that of helium)
~ the decompressions of shallow bounce dives carried out by Edel and Fife,
decompressions which turned out to be very tricky and responsible for osteo— '

articular accidents.

Hence our wariness. But in fact this decompression, probably too slow at the
beginning, was conclusive and certainly in the future desaturafion by gradual
elimination of hydrogen from the breathing mixture up to 200 m, without sudden
change to heliox, will not need to be any slower than with pure heliox or
nitrogen trimix (Usual speed : 1 mh ! or slightly more) .

¢ - THE EVOLUTICN OF BICLOGICAL, PARAMETERS

Tt is noteworthy - and reassuring - that following a critical situation re-
sulting from the switch H,~~He, experienced by team A, and after final decom-
pression of team B on hydrox up to 200 m, the variations in the number of
blood leucocytes and platelets were not significant of bubble pathology. This
tends to demonstrate the fact that in this respect hydrox is at least as well
tolerated as heliox, and better than air. . '

The variations in blocd and urine chemical elements, always reversible, do

not show any serious metabolic disturbances.

Only temporary hypophyseal thyroid anomalies as well as an increase in serum
ferritin, could be linked to a hepatic disturbance as described by G.R. Doran
et al. in divers having undergone experimental saturation at great depths on
heliox, such as the 540 m and 660 m AMIE dives.

At all events molecular hydrogen does not seem to induce any specific biolo-
gical disorders, nor any irreversible cytotoxicity.
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7 - PULMONARY AND SCINTISCANNER EXAMINATION

The comparative study of the six divers before and after the dive HYDRA V
permitted us to conclude that, as far as the lungs were concerned, these long
saturations with hydrogen and helium were remarkably well tolerated by both
teams - even if a Xe 133 scan did reveal a decrease in perfusion at the apex.

Bone scanning pemitited us to discover one case of tibial hyperfixation (diver
B3), ard for the five others a diffuse and symmetrical increase in isotope
fixation. Here again experience shows us that such scintigrams the cause of
which has yet to be demonstrated {decompression, or bio-mechanical effects due
to the constraint of confinement, as suggested by A. Elizagaray), are so com-
monplace and so unstable that any notion of a pathological process can be ruled

out.

It is to be hoped that this brief sumary, a mere glimpse into an extensive,
milti-disciplinary study, will inspire a careful perusal of each individual
chapter.
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The introduction of hydrogen into breathing mixtures at high pressure already
gave positive results with HYDRA IV, to a depth of 300 m. But in the interest
of safety the hydrox volume there was restricted to 0.8 m3 in a dome under
which divers could stay for periods of not more than a few hours.

HYDRA IV left a number of important questions, however, which we hoped to
solve by Operation HYDRA V :

1) Is it possible to adapt a conventional hyperbaric unit to the use of
large wlumes of hydrogen ?
Definitely. HYDRA V has proved that heavy saturation diving equipment,
originally designed for helium, could be adapted to hydrogen and still satis-
fy safety requirements. Only some of the peripheral sub-units need modifica-
tion, and thus can ke achieved without prohibitive expense.

2) Would exposure for long pericds to hydrogenated mixtures - until a
state of saturation is reached - be well tolerated by the human organism ?

Blood and urine analysis and medical examination before and after the dive

are completely reassuring. Partial hydrogen pressures of about 30 bars can
be reached (and even exceeded....} without danger of intoxication.

3) Does there exist an equilibrium between the surrounding pressure and
hydrogen's narcotic effect that would allow us to maintain at 450 m or more
a suitable proportion of this gas in the mixture ? That is to say, a percen-
tage high enough to neutralize HPNS and to assure a gain in pulmonray venti-

lation ?

This balance does exist and HYDRA V has allowed us to define it.

4) TIs it possible, taking certain precautions, to switch a diver satura-

_ted at more than 50 % hydrogen at 450 m to pure heliox ?

The answer - no - is an invaluable warning : the phenomenon of isobaric
supersaturation and the rebound of HPNS prohibit diving with the two mixtures
(living chamber on heliox and bell on hydrox), a complicated procedure in
any case and one whose economic advantages are not certain.

5) Therefore : "all-hydrox", including decompression ?

On this last point hydrogen has not substantiated its poor reputation. On
the contrary, progressive elimination of this gas to a content of less than
4 % at 200 m permits a desaturation rate similar to that of heliox.
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And as in all case it is man himself who is the best judge, we would like to
reiterate a comment made by one of the most experienced divers, used to deep
diving : "On hydrox at 450 m I had the same impression of well-being and ease
as on heliox at 200 m". In short, everything confirms the fact that hydrogen
permits us to gain an extra 250 meters.

HYDRA V's technological success and the mass of physiologlcal data gathered
open the way to a pre-industrialisation of diving with hydrogenated mixtures
at the operating depths of tcmorrow.
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We should like to express our profond appreciation
to the sponsors of HYDRA V for their financial support

camex

PETROCANADA

PRODAIR
STATOIL

5141 46 vOissassod Ut uosiad AUB J9umO Byl JO UBISSILIDd L3RLA BYLINOYLEM DN IPBWI ABM Aue U1 ICU PAHILSURIL ‘PISCRSIP "Pasn 'paanposdal 3q Jayusu Aews uisa

N

e

“WBNUSPUDD Se 1 182y 0} uonebljge ayl Aq punog Bureg sabpajmouwoe wswnaop
Y PRIGRIUOD UORBLLIOI |18 "XIWOT 40 ALHIJOHd SHL $I INIWNI0A SIHL»

. -




	préambules scans COMEX.pdf
	1986 Hydra 5
	20230828172748962
	20230828172912516
	20230828173004805
	20230828173052105
	20230828173058986
	20230828173120437
	20230828173127918
	20230828173141839
	20230828173205260
	20230828173254255
	20230828173354475
	20230828173509474
	20230828173617354
	20230828173703314
	20230828173744504
	20230828173823367
	20230828173853591
	20230828173930791
	20230828174007086




