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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 CF THE OIL INDUSTRY

During the 70's industrial diving progressed into the 150-200 meter range,
which is the present depth of numercus 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
MARINE, in particular with the series of real dives (JANUS IV, Phase 3) or
simulated dives (ENTEX 5, 8 and 9) which focussed, frcm 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 phenamenon 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 axygen with a small per-
centage of nitrogen. Unfortunately trimix only accentuates the other limiting
factor of high pressure - the greater density of the breathing mixture which
increases ventilatory resistance to a point which is incowpatible 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 operations.

Yet now is the time when the develogment of the offshore oil sector should
push beyond the depths already concguered. It was our 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 cambination, in breathing mixtures at more than 100 meters
might have two quite positive effects :
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- lowering HPNS,
- improving lung ventilation,

which together would be beneficial to the deep water diver, diminishing fa=-
tigue, and enhancing his canfort and safety, withcut 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 ave camplementary, rather than contrary, to one

another, i.e. :

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

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

- finally, an advantageous 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.

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

gases

Physical properties He H2 N2
Density (g.17") 0.178  0.090  1.251
Thermal canductivity (. (m. <) 1) 34.07  40.21 5.6l
Cohesive force constant (Van der Waals) 0.034 0.244 1.390
Solubillty in oil at 37°C (ul.17}) 15 40 67
0il/water separation coefficient 1.7 3.1 5.25
Absolute viscosity (poise .lOdS) 18.9 8.5 16,7
Narcotic power {Brauer classification} 0.07 0.26 1

COme X
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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 continued, at COMEX,
until 1970,

In the United States Brauer exposed mice and squirrel monkeys to a trimix of
He/HZ/O2r 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 wolunteers 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 bicchemical and histological examinations on dogs, concluded
that hydrox (97/3) was innocuous for animals at depths down to 300 meters and

periods up to 48 hours.

In Franoz, 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 IT).

The Swedish Scientistsarnhaqen, 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 noymally without the slightest sign of acute or chronic
intoxication.

The fact remains, however, that at the start of the 50's, for what were chie-
fly technical reasons, experimental hydrox dives involving human beings had
not gone beyond Zetterstxom's 160 meter depth, so that an entire realm of
human physiology had yet to be explored by means of hydrogen-mix dives.

In 1983, after completing a final toxicological inwvestigation on 30 mice
exposed to 60 bars of hydrogen for 40 hours, which substantiated the harm-
lessness of this PH2, we decided to resume experimental human dives using

hydrogen mixtures.
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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 IITI : sea dives

From Jure 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
attonuation of muscular fatigque afforded by hydrogen. They alse 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 gilven at the Xth E.U.B.S. Congress in Marseilles in
October 1984

1 - Hydrogen toxicity at partial pressures of 12 to 25 bars for exposures
of 1 to 6 hours was not shown by the biochemical bleood 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 conditlons 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.
caomex
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Examination of the heart rates measured during exercise, howeyer, tends to

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

3 - According to the work published by Lambertsen and by d'BAoust, swit-
ching the divers from the experimental hydrox to their storage gas heliox
should have produced the inert gas vhenomenon of isobaric 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 narootic
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 narootic action of the gas (or a "presswre reversal
effect”, as the Anglo~Saxons call it).

- for another thing the narcotic power itself has a contereffect on
the high pressure nervous 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 obvious :

= 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, injectionin the hydrogen mixture.

2
= on the physiological level, confirmation of the anti-HPXS 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 compressicn, 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 ores were :
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ed. used. <.3closed. wansmiled norin any way made Lobhke wiihout The wntlen permission of the owner, any person In possession of thes

<z

ve efreda

« THIS PQuw. JENT IS THE PROPERTY OF COMEX, 3l infarmancn conlained herein may nethe:

document acknowigdges being vound by the ebligaton 1o reat it as confidariialn

- reqular blood and urine analyses in order to detect any lncipient 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 ischbaric counterdiffusion phencmena when switching from hydrox
to hellox, and consecquently determining what is feasible or prohibited in
transferring from one gas to ancther;

- 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-one had ever before "come up" from a 450-meter saturation
on hydrox.

cameaex
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1 — INTRODUCTION

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 H2—He—02
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 anticilpa-

ting and averting human error.

The fact that no significant technical mishap occurred 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 — HEYDROGEN AND FLAMMABILITY RISKS

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

H, + 1/2 Q;—®H.0 + 137 Kcal

2 2 2

This reaction 1s 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 ..ot it i e, 1000 men

- internal diameter ... ieiiennenn. 80 mm

- VOLUME it sttt iaee 5 litres
~ working pressure .....ceieeesceacenn.. 600 bars

= test pressure ... ... iiiiei e, %00 bars

Both ends of the chamber were sealed with screwed caps. One of the caps
was fitted with two Souriau unipolar electric hull peretrators 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.) 1s shown
in Figure 1.

2.2 - Experimental protocol

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

wi.th hydrogen concentration of :
20, 30, 40, S0 and 60 %.

The purpose of each test was to determine the minimum oxygen concen-
tration at which the flame was no longer propagated for each lewvel 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 vacuunr.

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

analyzer.

Combustion 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 milliseconds, 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

assured flammability limit.

By measuring the oxygen ooncentration 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 ).
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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.

---------- '["""'"’-___-T"""""‘_'_""""""--'_"'_"_"“"'-"|
! Pressure ! Total | HYDROGEN !
(bars) | number {------- pm-mmmmmo - R . !
' | of tests! 20% | 30% ! 40% { 50% | 60% !
S
I
s 1 sg t 13 112 +r 8 t 8 { 9 |
i T S
30 33 [ ¢ 1 7 1 9 v 7 i 4
"""""" T"'"""""""“"""?""'_""""""’"i
45 bo22 & 15 13 1 a4 1 4
SIS VY S SO L ddmdecee
! i |
60 |22 6 1 o4 3 o4& 15
|
______________________________________________________________ l
t 75 15 4 ‘ 501003 43 2
|
':::::::ﬁ:::::::::::::::::::::':.:Z :Z::::.‘?‘:::::::&::::::::::::I:
| 142 35 3] 26 !26 to24
i
| ——————————————————————————————————— —

In addition, a number 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 limlt oxygen concentration decreases :
- when the total pressure increases;

- when the concentration in diluent neutral gas (helium)

Increases.
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Figure 3 : It should be 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.

Figqure 4 : On this fiqure 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 HZ/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 oconcentration, in an H2-Heﬂ02 trimix.

Figqure 5 : The H2-He-09 triangular diagram shows the lower flammabili-
ty limits oF hydrogen in a ternmary mixture with helium and
oxygen. At a pressure of several bars the mixture only he-
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 minimm depth of 200 meters. .

- Decompression phase

Hydrogen is progressively eliminated to ensure a concentration

lower than 3 % upon arrival at 200 meters.

These rules ensure a very wide safety margin

caomeax
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3 - COMPATIBILITY OF METALS WITH 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 minimum 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 Jreateyr
inhibiting effect than water vapour arnd 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 risxs 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 bars, but the presence of water vapour
and oxygen will certainly inhibit the embrittlement process. As a sa-
fety measure equipment will however be regularly checked, particularly
in the zones subject to high stress.

(1) Hydrogen, oxygen and subcritical crack growth in a high strength
steel - G.C. HANQOCK 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. BRYSELBOUT - Centre de Recherche Claude
Delorme - Air Liquide Report 86.83 - 1983.

camex




2-14

1 4 ) [ i i i ! I i K T T T 7 T T
4
-
g Jw
=3
P— bl
M £z
i - JM
E]
z
] £t o
o
e ~
4 .ﬂs o
. v
, 48

WO Specimen o4 ipe
1
&

O e ovygan

by e 0 pen

\ ha— trvdeogen plud

umw{wml._.q_c
- S~

55§ 3 4 8 & 8 & &

 (sauou) ybuay %2040

: G.C. Hancock
& H.H. Johnson {1}

Ref.

Time {minutes)

6 : Inhibition embrittlement by oxygen

Fi

comex

SIl 40 UDISSISE

N uosigd AuP JRUAO Yl [0 UOISSIWJAd UBlIUM UL INDYLL JpaNnd E0C

Lo AUR Ul 0U DAINWSUEN “PRSODTIR Tpatn BEONECIJE) 8 Jaynau AT

WRIUAPULD S8 b iean 01 uonelngo ay) Ag punoq Buieq ¢3DPMOUNIE JUFWNIOR

UISIEY PEUIBILOD YONRW O IF "XIWOD 30 ALHISOBD 3HL S) IN

300 SIHL Y



25855101 of this

-de pubic withzul the winlten permission of 1he owner, any persen n

.oy neither be reproduced. used, dsctoged. 1ransmilied nor in any way

_NT IS THE PROPERTY QF COMEX. alimicrmanon conlained herein

decument acknowledges being bound by the cbhigauon 1o real 1t 3s conbdentialn.

«THIS COC.

2-15

DYNAMIC BREARKING TEST ~CRCD/SEPG
grade of steel M»ecmOes-r16?
HELILM x HYDROGEN. DATE 19-¢1 &3

Hy + 70ppM H,0 . ®

pure @8 Hardness MoY ON) edess

’OIWpro; + B0ppr H)O . +1.0 ppM 02D
Préssure ratio
=
@
= = joxi]
2
-8 AT
2
» e " " Q‘f’@ »
&
»
* -4
\ N I I | adlod BN, ;
o0
Pressure in bars
o 4 ]
P
x ¥ xM.--y
. RO x
b [ Mg "
" e
PP PUPETL L =T »
»
e *
50 1 *
»
»
- 0
»
o | . . aft
* O i
- | » h » o x
~ fa o
O =
» @ )
2% 1 & i
8 g
xm
] Speed in bars/min:
10! T e w? 03
1 ll.llllll i1 lllllll 1t ll_ll.'lll 1 1 ll!lll[ 1 1 !llln! L4 1 1Lt
Ref. J. Bryselbout (2)
Figuare 7 : Influence of oxygen and water vapour on embrittlement of

steel by hydrogen

cCaomex




..ay neither be reproduced. usea. asslosed. Transmitted ngron any way n.ode public withgut the wnten permission of the owner. any person in .. .5ess1on of this

T 1S THE PROPERTY OF COMEX, all information ¢contained heren .

document acnowledges being bound by the obligaten 1o treati as conhidentialn.

« THIS DOCL

2 -16

DYNAMTC BREAKING TEST -
grade of steel¥to«-2 Figure 10

CRCD/SEPG

HELIUM % HYDROGENE B8  DaTE #-11-9
. Hardness iy w) %58 4
s Pressure
Pressure ratio
® ® -
2 L =
| P
» 8
",
' | l | i ]
=) -
Pressure in bars
- 1
"‘.*-—---”
550 ’_,,.,--"'
JrTes 3
JUPUSEE
SN 4 IS, ST
-"’--*-"
]
-0 PR TEN
5.
Lh
=0 » 0w
- » 50w B
1o 1006
llﬂl’ .£ ik &R
25 :ng
53] Ef
m‘ E m m
YER 4 Speaed in pars/min |
' 10?® o' w? w?
1 1_lLLLu| 1 ijlulll I 111111' I |nul| I 1_14.11_111 W WY
Ref : J. Bryselbout (2)

Fi@gge 8 :

Influence of hydrogen partial pressure on embrittlement

comex




sselesed, ransmaned norin any way mads puble without the wntten permission of the owner. any person In possession of this

« THIS DOLCMENT IS THE PROPERTY OF COMEX. 3l informanos conta:ned herein may ne ther Le teprodozed, Jsed. o

document acknowiedges being bound by the obligation 1o treat it as canf.deniialn

2 =17

4 - HYDROGEN PURITY

The hydrogen proposed by the two main gas suppliers is either of cata-
lytic or of electrolytic 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 sesm 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 ccmpounds
likely to 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 method. Metallic hydrides are completely
trapped at the tenperature of'liquid nitrogen.
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We had set the following specifications for HYDRA V :

PUFLILY vovevanusnnnanasnessoacnsannasss > 99,98 %

Special treatment ..... Creseverraasennas Cryogenic scrubbing
R R < 100 ppm

L R LR R R R R R R < 100 ppm

QO tiernvrnensnsssasssssoansassssscssas < 0.5 ppm
O R RRR R <5 ppm

S R AR TR LR R <5 ppm

Metallic hydrides ...oeeeenncevvcsenans < 0.0015 ppm expressed in

ASH3, PH3, and HCN.

For metallic hydrides, we fixed the maximum acceptable values at

450 meters as follows :

Arseniuretted hydrogen ........coveev.n 0.05 microbar
(AsH,)

Phosphuretted hydrogen ........covevnn. 0.3 microbar
(PH,)

Hydrogen cyanide ...cevennincnerccrenns 10  microbar
(HCM)

In the H.-He-0O, trimix with 54 % hydrogen the above values correspond to

2 2
the voluninal concentrations :

BSH; cuvenetiniiiniiiiiniiniiaaas (¢.002 ppm
PH3 ................................... 0.012 ppm
HON vttt ecceiectcassassssssannesnnann 0.4 ppm

camaeax
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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 chambers

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-
slon of the divers.
HYDRELTOX 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
- Sphere 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 comporents 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

caoamex
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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 ghy-

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 :

- Internal diameter : 2.3 m
- Overall length : 9.3 m
- Chamber length : 6.8 m

- lLock length : 1.9 m
- 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 physiclogical 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 - Hydrogenated gas_regeneration system

The breathing gas must be continucusly 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 consunption during their stay "on the bottom" and to
ensure a constant oxygen partial pressure during the long

decompression phase.

For HYDRA V it was not possible to use traditicnal regeneration systems
for obvicus safety reasons. We thus designed a new system specifically
for hydrogenated gases. Compactness was sought by eliminating all the

pipes connecting the various medules 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 booster 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 regulation
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

camaeax
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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 decompres-—
sing the filtration compartment by a check valve system. During this
operation gas still circulates through the exchangers and temperature-=
humidity control continues uninterrupted.

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 mumber 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 dlvers' 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' opiious 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

cameaex
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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.

Environmental 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. maximum
variations of T 1 % in absolute value.

Ambient tenperiture

Maxdmum discrepancy was 0.5° C despite variations of the hot

water source of more than 10° C.

Carbon dioxide

The absorption capacity of scda lime raised to more than
32 % in weight, whereas the supplier cnly guarantees 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.

The @, partial pressure was lower than 3 mb at all times.
Oxygen
The oxygen partial pressure was maintained at the preset

values ¥ 2 mb during compression and bottom time as well as

decompression.

A1l of the gas circuits on the EMS 600 were fully reconditioned and
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and the hoses replaced by rigid stainless steel or copper plpes depen-
ding on the type of gas they conveyed.

Circuits were arranged 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 blcwn out with
nitrogen throughout the operation (Figure 15).
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Regeneration
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6 -~ SAFETY DEVICES

The results of the research on hydrogen flammability limits proved
that risks are almost mon-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 atmospheric pressure are the
following :

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

These correspond to an oxygen content ranging from 20.1 % to 5.3 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 connec-
ted to a control device with two alarm thresholds (Figure 17). Each
detector was linked to an electronic module fitted out with

an ON signal light,

- a sensor failure light,

i

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 m3/h, and the orange flashing light.

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 m°/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 ocould alsec 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 ecuipped 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

oconvection.

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 | 40000 m° |
| | i
| | I !
| In the extraction sheath | 8,75 m.sec™! | 17,5 m.sec™l |
B e e T Ll ! - ] e L L LR |
| At the bottom of the hood | 0,6 m.sec™1 | 1,2 m.sec™t |
! |

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 diwers and

the surface technicians.
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CthE ottt bt

ODNTINUOU% EXTRACTION
bt (18 000 m™/hr)

EMERGENCY EXTRACTION
(20 000 or 40 000 m3/hr)

VOLUME OF BUILDING (2 000 m™)

R E e L R B

Figure 16 : Circuit diagram of extraction system for

possible hydrogen leaks

HYDRA V
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2-speed extractor

orange %D red
flashing-light flashing-light

r--' 4---' \
9 LT e
1 ! ' i GENERAL
L ! 4 ! S
Grade 1 Grade 1 Grade 2 Grade 2 ALARMS
¥ P P H
| PR | | J
: 'f THRESHOLD 2 ALARM BUS-BAR
! THRESHOID 1 ALARM BUS-BAR

f-—-————-———-—- ——— e T ——— — — —— —

-=i Grade 1 Grac;e 2 b \
2 9

A
' 1
| '
1 1 LOCAL
D} =~ electronic module >
3 ALARIS
|
Hydrogen
detector

Figure 17 : Circuit diagram of hydrogen detection and extraction
system

HYDRA V
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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 clrcumstances, 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 :

~ 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 sphere 3 with water after opening to the atmosphere
- replacing the water in sphere 3
- reducing hydrogen content in spheres 1 and 2
- 1increasing hydrogen content in spheres 1 and 2
- operating the food and medicine lock 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 chanber
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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
- physiological tests in the dry in sphere 3

- hydrogen consumption and 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 recuired only

in some of the associated sub-systems.

No significant technlcal 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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HYDRA V

ORGANIZATION, PROCEDURES. DAILY SCHEDULE

ETTE, Direction Scientifique, COMEX Marseille

B.
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I - ORGANIZATION

1} COMEX TEMM
Director of operations
Scientific Directors

Technical Director

Scientific and Medical Staff :

Technical Staff

Laboratory

Diving Supervisors

Shift Supervisors

- Technicians

Safety Surverintendent

Public Relations

'y

-

.

..

.

e

.

H.G. Delauze

X. Fructus and B. Gardette

Gortan

M. Comet
Carlioz

Bened

M. Trovallet
J. Coustal
A. Martin
P. Martin
S. Clairet
Borrione
Y. Bonnier
P. Toux

P. Vittori
J.P. Mary

C. Jatteau
J.P. Imbert
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2) SCIENTIFIC TEAMS

= CEPISMER/GISMER (French Navy)

= CERBR (Toulon Naval)

= CERTSM/DCAN (Toulon Naval)

= (GIS/CNRS

OCTARES

= NMRI (US Navy)

NDRI (Swedish Navy)

D. Lamy

B. Broussolle
J.L. Morcellet
P. Gixy

R. Hyacinthe
A. Elizagaray
B. Puech

A. Battesti
A. Baret

A, Courtiére
C. Verbier

G. Perazza

R. Bugat

G. Masurel
N. Gutierrez
M.C. Giacomoni

R. Naquet

G. Imbert

A. Chattut

A. Folco

J.C. Rostain

M.C. Gardette-Chauffour
A. Burnet

P. Gavarry

E. Clogenson
C. Lamaire
E. Martinez
D. Guldrer

E.T. Flynn
M. Ackerman
R. Benvard

H.C. Ornhagen
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The operation was under the responsibility of three committees :

= Management conmittee :

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

= Technical Committee :

- C. Gortan, QOMEX
- Capitaine de Frégate Harismendy, French Navy
- B. Pillaud, IFREMER

= Scientific Committee

Médecin-Général Broussolle, Service de Santé des Armées,
Dr X. Fructus, COMEX

Médecin~Chef Lamy, French Navy

Dr R. Nagquet, C.N.R.S.

I
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IT - EQUIPMENT

a) Hyperbaric camplex

Part of the COMEX hyperbaric research centre facilities in Marseilles

were used, including :

UNIT N° 1 : A system three spherical chambers connected 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 alamms and
extraction outside hyperbaric center hall.

UNIT N° 2 : A chamber with leck under heliox, which can accammodate 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,

- welghts,

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

- new integral wet helmet COMEX PRO, with T8 demand/dunp valve connec-—
ted to the dry wall by an umbilical coamposed of :
. life-line
. in-out breathing gas supply line
. comunications line
. BECG and magnetameters lines
. mass-spectograph line
. oro-nasal temperature line

. mouth baroqram line

Exercise tests were performed on cyclorower.
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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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3-~-6

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
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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

comex
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THE STX HYDRA V DIVERS

LPEQUIPE A SOUS MELANGE HYDROGENE A 450 METRES REALTSANT LES TRSTS PSYCHOMEIRIOULS

DEAM A UNDER HYDROGEN MIXITIRIT AT 450 MSW DURTNG PSYCHOMETRTC PSS



EQUIPE B DANS LE CAISSON HELIOX REALISANT LES EXERCICES SUR
BICYCLETTE ERGOMETRIQUE

TEAM B IN HELIOX CHAMBER DURING ERGOMETRIC BICYCLE EXERCISE
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Selection

The medical examinations for the selection of the divers, made in
9 professional divers, included :

=~ a clinical examination

- scintigraphy (bones, heart and lungs)

- tests of cardiac and ventilatory adaptation to effort (with
respiratory resistence)

- ophtalmological tests

Training :

- Psychometric tests
= Technical diving training

cComex
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DATLY SCHEDULE

¥ PREPARATORY PHASE

Teams A and B =9 divers (3 of them being replacement divers)

- April 15, 16, 17, 18, 19

- Physical training

- Medical training

- Radionuclide heart scan
-~ Ophtalmologic tests

- April 22, 23, 24, 25, 26

- Dives in water, sphere 3
- Psychaometric tests training
- Radionuclide bone and pulmonary scans — ventilatory and

biological references

= April - May : 29, 30 -1, 2

- Drv chamber bounce dilves to 66 meters for 20 minutes, nitrox
breathing by mask : 5.3 % O2 (0.4 b)
- Psychometric tests for narcosis

- Exercise in the dry

caoamex
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* HYPERBARIC PHASE

Team A (3 DIVERS)

Depth
D Dates Chronology m Data Sclentific activities
D Friday 21.00 Lights out 0 Surface Sleep - Divers with-
®  03/05 cut LEG electrodes
Dl Satur. 14.00 0 ERG electrode fas-
04,05 tening
17.00 EEG
20.30 Campression 10 Confinement
He 0, (80/20)
After 6 flushing
22.00 Lights out Sleep EEG
D, Sunday 06.30 Wake up Beginning of daytime
05/05 urine-taking
08.00 Breakfast 10 Confinement Bubble detection
He = 1.55 b
(77.4 %) FEEG - Tremor
0, =0.4Db
(20 %) Psychanetry
N2 = 0.05 b
(2.0 %) Ophtalmology
12.00 Lunch
Rest
14.30
Psychology
Ophtalmology
EEG - Tremor
10 Psychametry
19.00 Clinical
Erd of daytime urine
20.00 taking/Beginning of
nightime urine taking
22.00 Lights out Sleep EEG
Dy Monday 06.30 Wake up 10 Confinement Blocd sampling
06/05 He 02 {80/20) End of nighttime u-
08.00 Breakfast P02 = 0.4 b rine taking
EEG - Tremor
08.30 Exercise in the dry
13.00 Luanch
14.00
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Dates Chronology Denth Data Scientific Activities
m
Monday 14.30 Exercise in the dry
06/05 10
18.30 EEG - Tremor
Clinical
19.00 Dinner
20.00
22,00 Lights out Sleep EEG
Tuesday 02,00 Coapression 10 Beginning of campression
07/05 He - 2 min/m
PO, = 0.4 Db
2
05.00
Stop 100 2 h 30
07.00 Wake up Campressicn He 2.5/min EEG - Treamr
Breakfast PC}2 =0.4Db Psycharetry
11,40 EEG - Tremcr
Stop 200 2 h 30 Psychology
14.10 Lunch Campression H, 4 min/m
Rest - 2
1='Cn2 =0.4b EEG - Tremor
Psychametry
Clinical
19.00
Dinner
20.00
20.50
Stop 3a0 2 h 30 EXG - Tremor
23.20 Ldghts out Compression 1—12 Sleep EXG
5 min/m
P02 = 0.4 b
Wednes. 06.30 Wake up
08/05 Breakfast
07.40Q EEG - Tremor
Stop 400 2 h 30 Psychametry
10.10 Canpression H2 7 min/m
PO2 =2 0.4 b
12.00 Lunch
14.30 PRest
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D Dates Chronoleqgy Depth Data Scientific Activities
m
Dg Wednes.  16.00 End of 450 Arxival at the bottom EBS - Tremor
08/05 campression H, = 25.8 b
(56 %) Psychametry
He = 19.8 b
{43 %) Clinical
0, = 0.41 b
19.00 Dinner (0.89 %)
N, = 0.05 b
20.00 {0.1 %)
22.00 Lights out Sleep EBG
D¢  Thursd., 06.30 Wake up
09/05
08.00 Breakfast 450 Bottom time Bubble detection
Hy=255D
{55.4 %) EBG - Tremor
He = 19.5 b
{42.3 %) Psychametry
o, = 0.42 b
(0.92 %) Ophtalmology
12.00 Lunch N, = 0.05 b
{0.1 %)
14.30 Rest Psychology
ophtalmology
19.00 Dinner 450 EPG ~ Tremor
Clinical
20.00
22.00 Lights out Sleep FEG
D, Friday 06.30 Wake up Beginning of daytime
10/05 urine taking
08.00 Breakfast 450 Bottam time
H2 =256 b EEG - Tremor
(55.7 &)
08.130 Ha = 19.5 b Exercise in the dry
(42.4 %)
O2 =0.44 b
(0.95 %)
13.00
Lunch
14.00 Exercise in the dry
18.30 450 EEG - Tremor
End of daytime urine
19.00 Dinner
takdng/beginning of
nighttime urine taking
20.00 Clinical
22.00 Lights out Sleep EEG
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D Dates Chronology Depth Data Scientific Activities
m
D8 Saturday
11/05 06.3¢ Wake up 450 Bottam time Blood sampling
Breakfast H2 =24.8 b
(54 %) Erd of nighttime urine
He = 19.7 b taking
{42.9 %)
02 =0.42 b
(0.91 %)
08.00 Switch to 30 % H2 Buhble detection
8 hrs stay EEG ~ Tremor
Psychanetry
12.00 Lunch
15.00 Rest Bubble detection
EEG - Tremor
16.00 450 Switch to 0 % H2
P~O2 =0.4b Bubble detecticn
17.00 Recanpression : 10 m - EBG - Tramor
2 min/m Bubhle detection
18.00 460 Stop - Breathing by Clinical
mask He O2 (98/2}
19.00
Dinner
20.00
22.00 Recampression : & m, Clinical
then 4 m. PO, increased
up 0.6 b (1.3 %) Buhble detection
23.30 470  Step Sleep EEG
D9 Sunday
12/05 08.00 wWake up 470 Clinical
Breakfast
Bubrle detection
12,00 Lunch Decampression
. 470 ~ 450 m at
Rest. 120 min/metre
PO2 = 3.5 b Clinical
19.00
Dinner
20.00
22.00 Lights out 465 Sleep EEG
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D Dates Chranology Depth Data Sclentific actlvities
m
P10 Monday 08.00 Wake up 458 Decompression EEG - Tremor
{continuation)
Plt‘.)2 = 0.45 b
12.00 Lunch Buhble detection
Rest
14.30 Bubble detection
Clinical
EBEG - Tremor
19.00
Dinner
20.00
22.00 453 Sleep EBEG
Dll Tuesday
14/05 04.00 450 End of decampression
P'O2 = 0.4 b
08.00 Wake up
Breakfast FEG - Tremor
Buhble detection
Psychametry
450 On He O2
PO2 =04 b
12,00
Lunch
14.30
Rest
Psychcmetry
450
19.00 Clinical
Dinner ERG - Tremor
20.00
22.00 Lights out Sleep EEG
D), Wednes. 06.30 Wake up Beginning of daytime
15/05  48.00 Breakfast 450 on He O, urine taking
PO2 = (0.4 b EBG - Tremor
08.30 Exercise in the dry
13.00
Lanch
14.00
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3] Dates Chronology Depth Data Sclentific Activities
m
D)2 wednesday Exercise in the dry
15/05
18.30 EBG - Tremor
19.00 Clinical
20.00 Dinner Erd of daytime urine
' taking/beginning of
night time urine ta-
kf.n
22.00 Lights out 3 69% EEG
D
13 Thursday
16/05 06.30 Wake up Blood sampling
Erd of nighttime urine
08.00 Breakfast 450 On e O, taking
PO? =0.4Db ERG - Treamor
09.00 Breathing by mask EEG
He 0, 99/1 during
15 min. then He N, 0O, : Psychametry
83.4/15.6/1 during ~
30 min
10.00 Bubble detection
12,00
Lunch
14,30
Rest
450 EEG = Tremor
19.00 Clinical
Dinner
20,00
21.00 Beginning of 0, adds
PO2 =0.6Db
22,00 Lights out Sleep EBG
D,, Friday
17/05 00.00 450 FINAL DECOMPRESSION
He O2 at 45 min/m
on2 = 0.6 b
07.30 Wake up 439

comeaex




ed, uses. arsclosed, Transaited Nof in any way mads pubic wilhgut the wnitlen permission of the owner. any person in possession of this

- -
Ll

crmalion céntained herein may naaher be repra

document acknowledges being bound by the obligation 10 treat it as conhigantialy

« THIS DOCUNENT IS THE PAQPERTY OF COMEX. all.nf

j- 18

D Dates Chronology Depth Data Sclentific Activities
m
D14 Friday 09.00 Breakfast Bubble detectian
17/05
EEG ~ Tremor
12.00 Lunch
413
14.30 Rest
EEG - Tremor
19.00 '
Dinner 424 Clinical
20.00 Bubble detection
22.00 Lights out 420 Sleep - EEG
D15 Saturday
18/05 07.30 Wake up 408 Decampression
{continuation)
09.00 Breakfast PO2 =0.6 b Bubble detection
EBEG - Tremor
12,00
Lunch
14.30 Rest 4900
Ophitalmology
19.00 ERG - Tremor
Dinner
20,00 Clinical
Bubkle detection
22.00 Lights out Sleep EFG
D16 Sunday
19/05 07.30 wWake up 375 Decanpression
(contimuation)
P02 = 0.6 b
09.00 Breakfast Bubble detection
EBG - Tremor
12.00
Lunch 368
14.30
Rest
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D Dates Chranology . Depth Data Scientific Activities
m
D16 Sunday EEG - Tremor
19/05
19.q0 Clinical
Dinner
20.00 Bupble detecticn
22.00 Lights out 355 End of 0, adds Sleep EEG
Dl? Monday
20/05 02.35 350 Decavpression Bubble detection
(continuation)
PO, =0.5D
16.40 331 EEG - Tremor
Sleep FFG
D;g Tuesday 320 Decampression Buhkble detection
21/05 (caontinuation)
P02 = (0.5 b EEG ~ Tramor
288 Sleep EEG
Prg W /O’ESS"""Y 257  Decampression Bubble detection
{continuaticn)
m2 =0.5b EEG ~ Tremor
Sleep EEG
D,y Thursday
23/05 240 Decampressicn Erd of EEG
{continuation)
902 = 0.5 b Bubble derection
Tremor
P21
209  Decampression Blood sarpling - Urine
(continuation)
P02 = 0.5 b Bubble detection
Treamor
D22 Saturday 177 Decopressicon
25/05 {continuaticon) Bubble detection
PG, =0.5b T r
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Dates Chronology Depth Data Sclentific Activities
m
Sunday 145 Decampression
26/05 (continuation)
(PO, = 0.5 b Bubble detection
Tremor
Monday 07.55 120 Decampressicn Bubble detection
27/05 (continuation)
Tremor
Tuesday B0 Decampression
28/05 (continuation) Bubble detection
F’C)2 = 0.6 b
Tremor
Wednesday 50 Decanpression Bubhle detection
continues at
45 min/metre Tremor
Thursday
30/05 13.40 15  1/V = 60 min/metre Blocod sampling -
02 =243 urine
Friday 03.40 1 Recompression to 4 m Pure O2 by mask for
31/05 an air, then decam Al and A3
pression at 90 min/m
03.51 4

11.30 0  SURFACE
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Teav B (3 Drvers)

D Dates Chronology Depth Data Scientific Activities
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m

Dd Tuesday 21.00 0 Surface Sleep - Divers without

07,/05 EEG electrcdes
D5 Wednesday 14.00 0 EFS electrode faste-

08/05 ning

' 17.00
21.00 Campression 10  Confinement
He 0, (80/20) Sleep EBEG

after 6 flushing

De  Thursday :
09/05 06.30 Wake up 10 Beginning of daytime
urine taking
08.00 Breakfast Confinement He 02
PO2 =0.4b EEG - Tremor
08.30 ' Exercise in the ary
13.00 Lunch
14.00
10 Exercise in the dry
18.30 EEG —- Tremor
19.00 Clinical
Dinner
20.00 Erd of daytime urine
taking/ Beginning of
nighttime urine taking
22.00 Lights out S5leep EEG
D7 Friday 06.30 Wake up Blood sampling
10/05
08.00 Breakfast 10 Confinement He 0, End of nightime urine
taking
PO, = 0.4 b Bubble detectlion
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D, Dates Chranology Depth Data Sclentific Activities
m
D. Friday 10 EPG - Tremor
T 10708
Psychametry
Opntalmology
12.00 Lunch
Rest
14,30 Psychology
Ophtalmology
EBG - trewmor
10 Psychametry
19.00
Dinner Clinical
20.00
22.00 Lights aut Sleep EEG
D8 Saturday 06.30 Wake up
11/05
07.30 Breakfast 10 Decampression fram 10
to 5m at 1 min/m,
then fran 5 to O m at
60 min/m. Total de—
campression = 5.00 hrs
12.30 0 Surface Bubble detecticn
Dy Surday
12/0%
21.00 10 Compressicn He 02
(80/20)
PO, = 0.4 b
af%er
22,00 Lights out Sleep FEG
Jio Monday 02.00 10  Beginning of campres-
13/05 sion He at 2 min/m
05.00
Stop 100 2.30 hrs
07.00 Wake up Cawpression He EEG - Tremor
Breakfast 2,5 min/m Psychametry
PO, = 0.4 b
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D Dates Chronology Depth Data Scientific Activities
m
Dlo Monday 11.40
13/05 Stop 200 2,30 hrs G - Tremor
14.10 Lunch Campression H2 Psychology
Rest 4 min/metre EEG - Tramr
P02 =0.4b Psychametry
Clinical
19.00
Dinner
20,00
20,50
Stop 300 2,30 hrs ERG - Treamor
23.20 Lights out Capression H, Sleep EEG
5 min/ metre
PO, = 0.4 b
D11 Tuesday 06,30 Wake up
14/05
Breakfast
07.40 EEG - Tremor
Stop 400  2.30 hrs Psychametry
10.10 Campression H2
7 min/metre
PO, = 0.4 b
12,60 Lunch
14,30 Rest
16.00 End of 450 Arrival at the bottom EEG - Tremor
oampression He O2 P try
PO, = 0.4 b Clinical
19.00
Dinner
20.00
22.00 Lights out Sleep EEG
Dyy Wednesday 06.30 Wake up 450 Bottam time Bubble detection
15/05 EEG - T c
08.00 Breakfast = 25.1b
"2 5ae ) Fsychametry
He = 21.2 b Ophtalmology
{46 %)
0,=0.4Db
(0.86 %)
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D Dates Chronology Dex?xth Data Scientific Activities
D)5 Wednesday 12.0¢ Lunch
15/05 Rest
14,30 Psychology
450 Ophtalmology
19,00 EEG - Tremor
Dinner
20.00 Cliniecal
22.00 Lights out Sleep ERG
D,, Thursday 06.30 Wake up
13 16,05
08.00 Breakfast 450 Bottom time EEG - Treamor
H, He O
2 2
08.30 PO, = 0.4 b
Exercise in the dry
(t = 33.5° C}
13.00
Lunch
14.00
450 Exercise in the dry
(£t = 32.6° Q)
19,400 EEG - Tremor
Dinner
20.00 Clinical
22.00 Lights out Sleep EIG
Dy Friday 06.30 Wake up 450
17/05
08.00 PBreakfast Bottan time EBRG - Tremor
H, He O
2 2
PO2 =0.4b
12.00
Lunch
14,00
16.50 450 Dive of Bl, sphere 3, Exercise in the wet
18.45 1.55 he

water t = 31° C
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D Dates Chronology Depth Data Scientific Activities
m
D14 Friday 19.00 EEG - Tremor
17/05 Dinner
20.00 Clinical
22.00 Lights cut Sleep EEG
Dy Saturday 06.30 Wake up Beginning of daytime
18/05 urine taking
08.30 Breakfast 450 bottam time H, He O2
PO2 =0.4Db EFG - Treamcr
09.48 Dive of Bz, sphere 3, Exercise in the wet
2.00 hrs
11.48 Water t = 31° C
12.00
Lunch
14.3¢ Rest
16,20 Dive of B3, sphere 3, Exercise in the wet
18.18 459 1-°8 br
Water t = 30° C End of daytime urine
taking/Beginning of
nighttime urine taking
19.00 EEG - Tremor
Dinner
20.00 Ventilation He 02 Clindcal
Beginning of 02 adds
22.00 Lights cut PO2 =0.5b Sleep EBG
D16 Sunday 00,400 450 FINAL DECOMPRESSTON
19/05
06.30 Wake up H, = 23.8 b Bleod sampling
(47 .5 %)
08.30 Breakfast Re = 22,5 b Erd of nighttime urine
{48.9 %) taking
O2 =0,48 b FEG - Trenor
{1.05 %)
1/ = 70 min/m Bubble detection
12,00
Lunch
14.30 Rest 438 Bubble detection
Ophtalmology
EEG - Tremor
19.00 Clinical
Dinner Bubble detection
20.00
22,00 Lights out 430 Sleep EBG
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D Dates Chronology Depth Data Sclentific Activities
m
D, Monday 428 Decompression Buhble detection
20/05 (Continuation)
Hz = 44 % EBG - Tremor
15.45
415 B3 : Dive - 38 min
16.23 t=30°C¢C
408
Dig Tuesday 10.23 399 l-l.2 decarpression B, 3 Dive - 42 min
21/05% {Gontimiation)
11.05 H, = 42 % water £ = 30° C
15.24 395 B, : Dive - 28 min
water t = 30° C
15.52
Dyg Wednesday 388 H%Ddetxnpression Bubble detection
22/05 {Gontinuation) EEG - Tremor
HZ =41 &
367 Sleep EEG
Do Thursday 16.57 352 decarpression
23/05 {Continuation) B1 : Dive - 7 min
17.04 Hy =39 % water t = 29° C
19.52 350 1V = 65 min/m
D2 Friday 335 H, =35 1% Buhble detection
1 24,05 2
EEG - Tremot
Sleep EEG
Dys Saturday 312 H2 =32 % Bubble detection
25/05
EFG - Tramor
Sleep EEG
D Sunday 300 1A = 60 min/m Bubble detecticon
23 26,05
HZ =29 % EEG - Tremor
Sleep EFG
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Chronology

Sclentific Activities

D Dates Depth Data
m
D Monday 266 He = 22 % Bubble detection
24
27/05 EEG -~ Tremor
Sleep EEG
D25 Tuesday
28/05 04.02 250  1/V = 55 min/m Bubble detection
EEG = Tremor
240 H2 =15 % Sleep EEG
D26 Wednesday
29/05 215 H, = 4% Bubble detection
ERG - Tremor
Sleep EEG
D Thursday 188 H,= 2 % Blood sampling - Urine
27 2
30,05
D Friday 162 H, = 2% £nd of FEG
28 3105 2
Bubble detection
Tremor
17.05 157 Transfer into heliox
atmosphere chamber
H, = 0%
D Saturday 136 He 0., decawpression Bubble detection
29 01/06 2
P02 =0.5b Tremor
1/V = 55 min/m
D Sunday 21.20 100 PO, = 0.6 b Bubble detecticon
30 0206 2
Tremor
D Monday 83 Po, =0.6Db Bukbble detection
31 2
03/06
Tremor
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Scientific Activities
Bubble detection
Blocd sampling

Pure 0, by mask for By

Tremor

Bubble detection
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INTRCDUCTION

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 oonditions 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 IV) would be
familiar to 4 of the 6 participants (Al, 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 (years) 40 35 34
Height in cm 189 183 176
Welght in kg 88 80 74
Skin surface (m2) 2.15 2.02 1.90
vital capacity (V) in lgoo 6.32 5.53 6.25
FEV in 100 S 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 7 75
Skin surface (mz) 1.89 1.94 1.88
Vital capacity (VC) in lBTPS 5.60 5.40 4.77
-1 4.16 4.09 3.57

FEV in lBTPS' S

After three weeks of preparation {medical and physiological examinations,

and training for tests) the 6 divers were in satisfactory phydical condition.
There were certain differences between the two groups. All three members of
group A had sound experience in deep saturation diving. A2 and A3 (QOMEX )
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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 MAVY) had a modicum of
experience with saturation, B2 (QOMEX) 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 observations 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 Observations Divers
(msw) Al A2 A3

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

Sleep restless - Insomuda - -

Discompont - -
4 02:00 Beginning of compression (He)

Insaomnia -

No camments - -

14:10 200  Compression continues (H
5 07:40 400 Stop (PH2 10 bars, )
10:10 400 Resumption of compression (Hz)

5)

12:00 416 Feeling ohay, especially note noamal

nasal nespiration - - -
16:00 450 (PH2:25.8 bar. PlD2 :+ 0.41 bar)
No perceptible HPNS - - =
Remankable breathing comfort -
Narcose felt as degaeé 0.5 -1 . -
Feels nommal and no HPAS -
6 450 (FH, : 25.5 bar. PO, : 0.42 bar) '
SLight fatigue at end of day . -
7 450 (PH2 : 25.6 bar. PO2 : 0.44 bar)
Very sLight narcosis, not perceptiblfe = -
Nothing else to nepont - « =
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T Depth Observations Al A2
(rsw)

08:00 450 switch to 30 % H, (PH, : 13.8 bar)
Seight nasal obstruction -
Onset of distal themon

16:00 450 Switch to O % I-]2 (PO2 : 0,4 bar)

17:00 450 Stnong nauwsea/ Pale. Anxiety -
Intense fatigue, had to Lie down -
Nawsea. Dizziness (without nystagmus) -
Prur (08 .
Tremor - -
10 m ocompression at 2 min/meter

18.15 460 2 % O2 mixture by mask

18:40 460 02 by mask stopped
Vomditing, dizzineds -
Hyperbaric Mthrabgia (on bends) in
knees, wnists, shouldens (fall oven) - -
Rash with acute niggles, all oven,
uditating (resuved mask) -
Took T g 0f Aspegic -
Attenuation of shock but (ntense fatigue
and persistent polyarnthnalygia - -
Niggles nearly unbearable, agitated,
took 6 mg of Polaramine -

20:30 460  Meal mone on Less caten, due tu spo-
nadie nawsea, but no vomiting. Marked
jatigue. - -

21:30 460 Resumed 2 % O2 by mask.
Precordialgia. Tachycarndia + 2 % 0, by -
mask stopped
Breathing by mask terminated -
I Valium tablet 5 mg -

22:20 460 Exacenbation ofy {tching and prickling,
and anthralgia of the night shoulden -

22:20 460 Still on heliox, but PO2 = 0.6 bar

23:00 460 Beginning of compression to 470 m

23:25 470 Fatigue, chills, drowsiness. Niggles -

more Lntense at meals, during muscular
efpont and when warm, -

caoamex
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D T Depth Observations Al A2 A3
9 00:30 470 Everything fainly quiet. SLeepding - - -
09:40 470 5 mg Valiwn -
Valiwn and Polaramine -
10:00 470 Prundites, sight ventigo, Rombeng .
negative
Genenal condition becomes nommal . - -
on remains noamat . -
12:00 470 Decompression to 450 m starts, at
2 hrs/m
19:00 466 0titis extenna : Polydexa .
Valiwn 5 mg - -
HoA. which will disappearn (n 4 days - .« .
10 08:00 458 Stight tremon. Moderate nasal obs- . - -
thuetion., - - =
Some. musculan twitehing .
11-12 450 Exencises cannied out (n the duy, - -
Form nathern mediocne. - - -
13 09:00 450 Trimix with 15.6 % Nz breathed
11:00 450  for 30 mins. This test neponted as - - -
unpleasant by the divers, causes a
deghee 3 nancosis, - - =
Form nathern medioche ” -
14 00:00 Peginning of final decompession with
PO2 of 0.6 bar to 350 meters
17 02:35 350 P02 0.5 bar
Nothing to repont - - .
24 07:35 120 P02 0.6 bar
27 13:40 15 PO, 24 3
28 03:40 1 Paind Ln the bhnees : pure 02 by mask - -
03:51 4 PRecompression to 4 m, then recompres-
sion at 90 min/m. Pa-uln nelieved - -
11:30 0 Divers leave chamber.

Condition satisfactony
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GROUP B
D T Depth Observations Divers
(msw) Bl B2 B3
5/7 10 He-0, (80/20)
Steep mediocne, improving second night = -

10 02:00 He compression starts
Sleep (ntermdittent = “« -

14:10 200 Compression continues on H2

11 07:40 400 Stop. (PH2 10 bars)

10: 10 400 Compression resimas on H2
SLight thansient HPAS (wrists) - -

12:00 416  Cutaneows hypesthesia = -
Impression of pltching when moving
about. Rombeng negative - -
Great ease of breathing -
Average narcos (s degree 1 to 2 - - =

16:00 450 PH2 : 25.1 bar; P02 = 0.4 bar
No perceptible HPNS on HPAS - - -
Remarhable breathing comfont -
Uoes not have the dmpression of beeing
at 46 ATA -
Cutaneous hypesthesia thypalgesia) - -
At times, visual (mpression of
pitehing - - -
Tendency fowands mind wandering - -
Memorization digficulty -
Mn the average, narcosis Level ? - - .

12 450 PH2 : 25.1 bar; P02 = 0.4 bar
Form avenage. Pitching sensation has
disappeaned - - -
Cutancows hypesthesia pensists e -

13 450 Difficulty in conforming to the dry
test requinements. Hypesthesda pensits - .

14 450 Wet tests weld tolernated -

15 450 Wet tests well tolenated - -
The slight nancosis tends to Lessen - - e
and Lin any case neven affected profes-
sional behavion - « =
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D T Depth Observations Bl B2 B3
(msw)

16 00:00 450 Beginning of final decompression by
gradually eliminating the H, (poz' =

0.48 bar)
17/22 Continues atrate of 70-65 min/meter
23 02:02 300 PH, = 9 bar. Decompression 60 Min/meter
Feeling normal again and (n fine fettde = - =

28 17:05 157 Transfer into pure heliox (l:"H2 =0 ;
PO, = 0.6 bar) - 55 min/meter
34 09:00 12 S€ight pain (n knees and calves, re- -
Lieved by inhaling pute 02 by mask
(15 m = Q) : 120 min/m)
35 09:55 0 Divers leave chanker,.
Condition satisfactory - - -

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 out once or
twice a day by the divers (see attached models) and completed

by our cwn observations through the vicwports or by intercom.

Clearly the discussion concerning these results shoud be centered on the two

main themes  of the experiment, hydrogen narcosis and HPNS.

NARCOSIS

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 sinmple, 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.5. Congress 1in Marseilles in October 1984 :

DEGREES OF NARCOSIS
- Not perceptible
- Barely perceptible
. 8light but controilable
Pronounced and capable of affecting behavior

Incapacitating, in process of evolution and dangerous

a2 = O
|
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The markers exist therefore, those touchstones sco indispensable for evalua-
ting, with a precision necessarily relative but quite adequate, the effects

of the PH, as a function of the P per se

2
Care must be taken not to disregard the original aspects of this narcosis,
those which differentiate it fairly clearly from the "rapture of the deep”
of air diving. The following is a qualitative break down of the effects cb-

served during HYDRA IV when the PH2
HYDROGEN NARCOSIS

was highest, at 240 msw.

DIVERS : 6 - DEPTH : 240 msw -PH2:24,5ba.r

No of
Affected divers
(out of 6}
1 ~ SENSORY HALLUCINATICHIS
Gustative : taste of metal or chlorine 2
Anditory : sounds more  intense, sametimes indistinct
Visual + light, more vivid (dazzling) 3
colours tending towards orange
Tactile : cutanecus hypoesthesia, ¥ diffused 4
hyperesthesiz of the fingers 1
2 = SOMESTHESTC HALLUCTNATIONS
A - At exercise
Diffused warm flushed feeling 3
Fasy muscvlar effort, without fatigue 4
B - In R.S.R. position
Disorientation, vertigo (sametlmes nausea) 3
Distortion or laoss of sense of bodily arrangement i)
3 ~ INTELLECT AND DEHBVIOUR
Mental dispersion. Interlor dialogue ) 2
Instability : agitation or impairment of alertness 3
4 - AFFRECTIVE QUMPONINTS—
Impression of increased muscular strength and endurance 3
Varlable euphoria or well-being k!
Displeasure : anxlety of losing self-control 2
5 - OTHER EFFBCTS
Tendency towards drowsiness - 2
Breathing lapses i.. ' 1

(DEGREES OF MARDOSIS : 1 to 3 +)

# R.S5.R. = Relative Sensory Rest
comex
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This symptamatology indicates properties close to those of anesthetic and/or
hallucinogenic drugs. In this connection, D. Lamy of CEPISMER drew up the
following list of questions and answers after analysing the impressions of
the six divers under the influence of more 6r less perceptible narcosis but
not more than degree 2 or 2+ this at 450 m with a PH,of 25.3 L 0.5 bar)

Is hydrogen ...

Bypnotic ? 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 slowlng 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 but at different
depths, in HYDRA IV and HYDRA V.

comex
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Case oF DIver L, S.

DEPTH P&z GRADE OF
EXP. MW BAR SYMPTOMS NARCOSIS
HYDRA [V
120 12.7 Decline in digital tactile sensitivity .5
180  18.6 Slight narcosis perceptible in R.5.R.% 1
240 I 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 symptams as at 240 w, but attenuated 2
(trimix)
300 18.3  Narcosis barely perceptible
(trimix)
150 15.7 (Decampression stop). Nothing to report.
HYDRA V
450 25.8 { Nothing to report a

450 11.5 Nothing to report
450 0.0 Onset of tremor
Arthralgia (knees, shoulders)

Our rough calculations for HYDRA IV of the relationship between the ambient
pressure, the gas pressure and the degree of narcosis had led to the predic-
tion that for every additional 100 r after the 200 msw depth, the PH2 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 % H2‘ To simplify matters

it was decided to set the "hydrogen depth” at 250 m. This led to an H2—-He-O2
trimix with 54 % hydrogen and a PH2 which was fairly well maintained at the
bottam of 25.3 bars = 1 %. At the planned PH2 of 23 bars the level of narco-
sis would praobably 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 fram 250 m on over a 26~hour period, a
factor which must also be taken into consideration. And isn't it also the

cComex
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case for the H.P.N.S. which slow campression delays and attenuates ?

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 disorders which team A experien-
ced during the reverse changeover, we decided against it.

If countereffect of PHZ/Ppen 4¢ in human beings is not definitively proven,
the reverse effect, P pen AQ/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 syndrame. 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 phencrenon, was the complate absence of high pressure articular

syndrame (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 heliax 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 environmental control system), good spirits
- due also perhaps to a slight narcosis— were a socio~psychological constant
of the H2-He~02 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 % Hz. Despite this precaution, in the hour
following the switch to pure heliox divers Al and A2 had a sudden onset of
HPNS with tremor, vertigo, nausea, agitation, anxiety and fatique, Al having
the most pronounced symptams (cf. analytic table of symptams, p- 4 - 2}
This critical phase of the syndrame was attemuated during the night under the
cambined effects of diazepam and sleep (a sleep renxred easier by the cam~
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 osteco-articular bends.

ISOBARIC COUNTERDIFFUSION.

If, in spite of the HPNS, we decided to further campress 2 bars, it was be-
cause of the clinical manifestations of the isobaric 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 nmost 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 ancther, caused by bubbles, especially
in AZ? and A3. Finally, the generalized rash with niggles and itching with
which A2 was afflicted confirmed a counterdiffusion pathology.

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

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 recampression to 4 meters,
pure oxygen via mask and a slow—down in decampression up to the surface (90
minmutes 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 demain can entail. No doubt too slow at the begimning, the cawpres-
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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CONCLUSICON

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 trylng for the participants than operational dives, for during

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

freshing rest.
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HYDRA V Nom- : ANGUET Yves DATE : 4y, 05, 25

FICHE DAUTO-0BSERVATION
(2 remplicr Lows Les jours, entre 17 et 19 heures)

Heure du coucher : . 2% o Heure du révell ; ..0€°° SIESTE ? .vuut..
ualitsd du sameil noctarne ;@ Bon / médiocre / intemittent / mauvais /
R&ves :

Perception subjective de la forme Géne et douleurs articulaires au mouvament
Matin : Soir : A gauche : A droite
Excellente ... .. . ... Epaule__ LA
Borne - & __ L Coude ——— .
Moyeane - . oo | Poignet - P T
MédiocTe : | Genow . ... T
Mauvaisa : Cheville :
Appetit ¢ Boey . Obstruction nasale : yoony .
ETAT PSYCHIQUE EVALUATION DU S.N.H.P.
s 8] L 2 3 4
e [Tl [T T 17
Narcose

~ ? ~ I T S -1V —Q\‘Q_
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HYDRA V

B2

Nom :

DATE ¢ u.0S. .88

b auin.

LANCDUET Yves

FICHE D'AUTO-0BSERVATION
(2 remplir tous €es jours,

entre 17 et 19 heures}

Eeure du coucher :
Cualité du someil nocturne :

aecaase
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Bon / m&ilocre / intemittent / mauvais /

SIESTE ? NoW,..

RNy

Reves :

Percention subjective de la forme Géne et douleurs articulaires au mouavement
Matin : Soir i A gaucha : A droite

Excellente __ . .. ... .. Ppaule______°

Bonne - . —. ... : . . Coude e :

Moyenne . . ... . . P ... roignet _ _neant. . _peadd -

M&diocTe . —_] Genom _ _ ... . . e

rauvaisa : — | cCheville ' _
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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 find 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-nitrogenr-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 compression 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 interesting :

- 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 1in pressure, but at this time in man. A primary
neurophysiological study was performed during HYﬁRA IV - experiment,.
This study shown that electroencephalographical (EEG) changes were gi-
milar to those recorded with helium-oxygen mixture ; only the decrease
in the power of alpha waves was wore 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 VT 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 activity 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- 4c/s
~ théta : 4- 7¢/s
- alpha : 8-l4c/s
- beta 1 : 14-22c/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
1LSI 11/23) to obtain occurence, duration and percentage repartition of
the gstages of sleep and the hypnogram,

The statistical results wére calculated for a group of subjects in
the same situation (means obtalned from the sleeps of predive and means

obtained from the sleeps at 450 msw) to avold individual variations.
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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-07 mixture induced tremor which persisted during
all the stay at 450 msw without hydrogen and during decompression until
200 msw ; it desappeared after thisrdepth.

The comparison of the amplitude between the stay in wmixture with
hydrogen and the stay in mixture without hydrogen, shown an increase of
tremor only with helium-oxygen mixture which was between 50 and 100R
(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 helium-oxygen
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 Hy-He-09 to He~
07 mixture gave interesting data.

The rapid shift from 547 to 30% induced an increase of tremor,
which appeared in all the subjects with different latencles (fig. 4&).
The second switch from 30% 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 gignificant at
least in two subjects during compression and stay at 450 msw (fig. 3).
In one subject (B3), the tremor increased the second day of the com-
presaion (150%). 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 :

the three gubjects of

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

The increase is expressed as percentage
subjects Al, A2 and A3 from bottom to top.

from control
The shaded

inside

difference

value for the

portion represents the stay at 450 msw. The two vertical lines

the shaded zone represent the shift from 547% to 30% and from 302 to 02

of hydrogen.
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H2=O°/a

HYDRA 5

TREMOR
450M

L]

A2

A3

bio i T2t ly

Evolution of the increase of the middle finger tremor expressed as

percentage difference from control value during recording performed at
450 msw in Hy-He-09 mixture {(Ho=54%) from day J5 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
the change of mixture. The results represent the mean calc

the data obtained the daya J6 and J7 with the Hp-He-0; mixtur
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and after
ulated for
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for the data recorded during the days J10 to J13 with He-02 mixture.

The increase of tremor is expressed as percentage differ
control value for each subject. The U-test of Mann Whitney 1
cant between the values obtained with He-O mixture and the
obtained at the surface (black stars) and the values obt
Ho-He-0o (white stars)., The difference is not significant b

the values recorded in Hp-He-07 mixture and the surface.
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Figure &4 :

Middle finger tremor during the change of the mixture. The in-
crease i3 expressed as percentage difference from contrel value,

The subjects Al, A2 and A3 are represented from top to bottom,
The increase of tremor with 54% of hydrogen is represented on the
left ; the increase of tremor 30 min, 3 hours and 7 hours after the
shift to 302 of Hj 13 represented on the middle ; the increase of
tremor, 1 hour, 17 hours and 26 hours after the shift to 0Z of hydragen
is represented on the right of the figure,
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Evolution of the middle finger tremor of the subjects of group B

during the dive HYDRA V.
(For legend see figure 1),

camex




« THIS DOCUMENT IS THE PRCPERTY OF COMEX, sl information contained hefein may naither D2 rep-oguzed. used. J scosed. Ifansminad nor in any way made public withaut the wntlen permission of the owner, any person in possession of this

document acknowledges being bound by the ebligatien 10 lreal it as conf genualn

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 control value ap~-
peared during decompression after 300 msw (fig. 6).

During the compression, the increase of slow waves was recorded
only in cne subject (A3). This increase was around 2007 for theta fre-—
quency activities between 400 and 450 msw on fronto-¢entral and centro-~
temporal leads, This increase persisted around 1007 during all the
stay with Hp-He-07 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 1007 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-Q). .

The third subject (A2) did not present significant 1increase 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 shewn 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 ta
the values obtained with helium-oxygen mixture (P < 0.02). The analysis
of the power spectra before the shift of the mixture showfa 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 1s 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 portion 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

300

lead (Fp-C) of subject A3 during the dive,

The decrease of the power is expressed as

from control values.

M

antercior

percentage difference

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 J8 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,
(For the legend see figure 7).

caomex




ed. Lsed discidsed, ransminled noran any way made pubic without the wrinen permlsmd'n of the owner. any person 1n possession of this

« THIS DOCUMENT IS THE PROPERTY OF COMEX, all inlormanion conlained herein may ne ther be reprodos

document ackrowledges being bound by the ebiigaton 10 Ueat il as confidentiab.

5-13

HYDRA §
fsEnergy -Fp-C -EC.

SU:A2
Ha Ha
Adiff  S4%, Q%

'’y

e it b i 2
o Ay
4 |8 8 10 12 Pd 16 18 20
J L.l 1 I\ I\ l//l l }l - | | S W | |

0 cp}k////450777/777] 400 300

O Do

Figure 9 :
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Evolution of the EEG power spectra as a function of depth on ante-

rior lead (Fp~-C) of the subjfect 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 Ho-He-09 (Hyp=54%) at 450
msw frow J5 to J7 and during recording in He-Op at 450 msw from J10
to J13.

The increase is exprgsaed as nercentage difference from contrel

value,
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Figure 11 :

Power spectra of EEG activities recorded on anterior 1lead (Fp-C)
of subject Al, the eves clased.

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

At the bottom, on the left, the power spectra with Hy~-He-0p
(Hom54Z) the day J6,

At the bottom, on the right, the power spectra with 02 of hydrogen
the day J12.-
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decompression, the power of theta activities increased again until 1007
in subject A2 and even 200-3007 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 awitch
to 302 of hydrogen and the maximum value (500% to 600% increase) 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
hﬁurs. The subjects A2 seemed to have a depression of his EEG activi-
ties in every frequency bands amalyzed.

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—oxygén 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 maw ; it disappeared during decompression around 300 wsw
before the disappearance of hydrogen in the mixture, The pawer 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 Bl
(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

game evolution than theta activities.
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Figure 12 :

Evolution of EEG power spectra of theta frequency baad 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 asubjects
of team A during the change of mixture,

The increase 1s expressed as percentage difference from caontrol
value.

Cn the left of the figure, the increase in theta activities with
54% of Hy. 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 0Z of Hyp.
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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 32 during the dive.

(For legend see figure 7).
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Figure 17 :

Evolution of the power spectra as a function of depth or anterior

lead (Fp-C) of the subject 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 (SH 00 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
slight 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 : Wal
- P<C 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 five per night
during predive, decreased f£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 aights 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 1ncreased
only in B3 and the changes for the group were not significant. The
duration and the percentage duration were increagsed at 450 masw compared

to the results of predive (fig. 20, 21, 22) : predive mean duration 16
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430m
410m
390m
350m
325m
300m
280m
256m
230m
200m
180m

Table 1

B.1
7H33 + OH19
6H46
8H29
7H49

6H26
6HO4

7HOO + OH34
6HS6
7H29
7H26
6H16

7HL11
8H12
7H42
7H54
7H19
8H37
TH52
8H26
7H4S
TH28
GHOS
6H52

B.2
7H56 + OH11
8HOO
8HO6
7H4S

8HO6
6H21

SH32 + 1H38
4H20

6H37
SH39

6H03
TJH50
6H44
6H16
6H33
THOB
6H22
TH37
7iH1G
7H51
6H37

B.3
7THOO + OH26
7H1S
7H10
6H28

4H59
SH23

4H4T + OH29
4H46
4HS52
4H11
SH21

6H17
6H38
TH21
7H11
6H19
7H28
6H26
7HO?
8HO4
SHS1
6H21
6HO2

Duration of sleeps of the three subjects during the mights of

dive,
nights

the

The mean duration is given for the nights of the predive and the

at 450 maw,
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Figure 19 :

M

Evolutian of the sleep cycles of the subject Bl, night by night,

during the dive. The histograms represented

the duraticon 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 preﬁivé {conf), the compression (comp), the stay at 450 wmsw
(450) and the decompression from 450 to 180 msw.
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Evolution of the percentage duration of the stages of sleep af

sub ject Béz

(For the legend see figure 2Q),.
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Evolut}on 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=Q - P < 0.0l). The duration of awake period
decrease during decompression.

The stage 1 of sleep increased during the compression and during
the satay at 450 msw. The occurence increase from 16 during predive to
28 at 450 msw (Wilcoxon test : Wa5 - 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 aad 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 atage 2 was increased ; this increase was in relation with the de-
crease of the duration of the sleep in all the subject (fig. 20, 121,
22) :+ it was of 327 for the predive and of 407 at 430 msw (W=5 -
P < 0.05). The percentage returned to predive value during decompres-
gion arcund 300 msw.

Thé 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 (Wm3 - 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 (W0 - P << 0.01). It disappeared in B2
and B3 during the compression and the stay at 450 msw ; it disappeared
the first and the second night in Bi. The duration and the percentage
duration also decreased (W=O - P<C0.01). The stage 4 did not reappear
gystematically 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 1072 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 wmixture with a percentage of 547 of Hj
did not induce tremor or other clinical symptoms of HPNS (dysmetria,
fasciculation, drowsiness). The tramnsient tremor recorded on subject
B3 seems to be in relation with a stress due to the thermal incomfort.
This 1is 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-N9y-Og mix-
ture. The tremor recorded with the same curve of compressicn in He-
02 mixture 1is at the higher part of this scale (Rostain et al,
1984¢, d).

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

The tremor appears rapldly after the change of the mixture. This
phenomenon might be the consequence of the disappearance of hydrogen
which was necessary to suppress the tremor ; 1t might be also the
consequence of the fast increase of helium and in this case it would be

equivalente to a rapld 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 Hp-He-07 and He-09
mixtures.

The increase in slow waves appeared durihg the compression or the
stay with Hop-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 (N2:5%) (Rostain et al.
1983, 1984¢), or during ENTEX IX at 450 msw with helium-oxygen mixture
{Rostain et al., 1984c).

With the teaw B, thils 1ncrease 1n 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 mixture. 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 i3 ir 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 equal 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 hypothesls 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 Ho-He-O7 mixture
with 54Z of hydrogen induce similar changes to those recorded with He-
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N9-02 ou He-0O 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 1ncrease 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 1s not increase, contrary tge the observa-
tions carried out in other dives ; but the percentage duration is in-
creased since the durationm of the total sleep i3 decreased.

The decrease of stage 3 and 4 and even the disappearance of the
last one 1s 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 gaystematically during other experiments. This decrease
has been observed at 450 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 evolutiocn
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 this
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),

Congequently, 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 Hp-He-07, it is not possible to evaluate the in-
tengity 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 Ho prevents
the appearence of clinical symptoms of HPNS ;

— that this mixture does not prevent the appearance of EEG chan-
ges ;

= that this mixture does not prevent the sleep disturbances ;

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

1
toms",

The hydrogen—helium-oxygen mixture with 54% 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 hyﬁothesis of several authors
(Johnson et al. 1942 ; Lever et al. 1971 ; Miller et al. 1873
Miller 1975)}). The suppression of the clinical symsptoms and the im—
provement of the comfort of the divers produce by this mixture open uew

perspectives for future deep diving.
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It is now well known that diving oconditions 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 heliumoxygen 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 ftwo sub-
Jects (ENTEX 9).

Since we had the opportunity to test this same compression curve with an
untried 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

game 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 have been carried
out. The problem is to ascertain two phenomena : first of all, are the per-
formances different on heliox and on hydrox; and second, is there such a thing
as hydrogen narcosis ? The tests selected should make it possible to answer

these question.

66 /s 450m A/10m { 450 m A+ 24/10 200m /10
M.D -9 3 - 5 - 4 0
V.C.R.T. - 7% - 5 + 1 + 3
N.O - - 3 + 1 + 21
P.M.P - - 20 - 14 - 6
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CONCLUSION

The results of the tests previocusly 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
alertness/concentration test and for the intellectual test of number ordina-
tion. For Manual Dexterity, as is commonly observed, there is no recovery evi-
dent duringlthe 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 conpression.

The behavior of the divers at times ocould lead one to believe that the test
results would be mediocre. But actually they were perfectly capable of concen-
trating thxroughout 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 naroosis than the others - it was chosen for
this reason - and there is normally a certain amount of difficulty in assimi-
lating the instructions and perfommuing the required operations quickly. The
tests given duringdecompression show a returm to normal without any problems

resulting from the lencth 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; Adolfson 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 abject 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 {May-June 1985) experiment was the first in which divers were cam
pressed and saturated on a hydrogen-helium-oxygen 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 deconpres-
sed to 200 m in the hydrogen mixture.

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

our earlier hydrogen dives :

- The Number Similarities (NS) and Multiplications (M) tests used by Bermett
(Bernnett and Blenkarn, 1974; Bennett et al., 1982) in the study of nitrogen
narcosis and by Carlioz et al. (1984) during OOMEX'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 §wedish
Naticnal Defence Research Institute in December 1983 (Adolfson and Ormhagen,
1984) .

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

functions.

MATERTAL AND METHOUDS

1 - Subjects

Six divers partipated in the experiment, 3 from COMEX, 2 frcm the FRENCH NAVY
and 1 from the INPP (Institut National de PlongSe Professiomnelle). They were
divided in 2 teams, A and B. Team A was composed of 3 divers who had alveady
participated in dives to 450 mon a 5 % trimix, whereas only one of the divers
in team B had been at this depth before.

caomex
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Table 1 below gives some of the relevant information oconcerning the divers.

TABLE 1

Diver BAge (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 : preparaticn for ENTEX 9
B2 31 Professional diver for COMEX since 1979

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

Alr dives

2 — Hyperbaric complex

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

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

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

- a ocomfortable 6-person chamber used for the heliox phase (volume = 33 m3 ;

internal diameter = 2.5 m)

3 - Dive profile

a) For team A

- 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 % HZ' 0,9 % 02 and
helium (mean PH, = 25.8 bar; mean PO, = 0.4 bar), 8 hours in mixture composed
of 30 % Hz,'-0.9 ¥ 0, and helium (mean PH2 = 13.8 bar), 172 hours in heliox
(0.9 % 02) of which 54 hours at more than 450 n.
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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 1 m/h from 15 m to the surface. The P02 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

- 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 swrface, 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 290 to 15 m

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

The P02 was increased to 0.5 bar from 450 m to 100 m, then to 0.6 bar from
100 to 15 m, where the 0, 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 narvcosis
equivalent to 80 m on air (PN2 = 7.2 bar). Compression took 3-4 mintes, ocomp-
ression plus hottom 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 involwve the higher cerebral
functions. This means that the number of the practice tests has to be balanced
to avoid learning effects and lost motivation due to bordom. It wasdecided that

caoamex
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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 decampression
should be sufficient. Decrease in performance is based on  individual coapa-
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 order :

~ Number Similarities (1 min)

Maltiplications (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 instantaneous observation
{Bemnett et al., 1982). The subiject loocks at 40 pairs of numbers containing
fram 5 to 9 digits and checks with a pencil a box for each pair where the num-
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 onhe 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 Blenkarm, 1974; Adolfson, 1965). In our study the subject has 2
minutes to solve with a pencil as many as possible of multiplication problems
on cne sheet of paper containing 40 problems 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 mamorization. The mumber of problems solved in 2
minutes and the number of error are recorded.

c) Paced Auditory Serial Addition Test (PASAT)

The PASAT is a mental aritlmetic test which has been used clinically te
measure the rate of information processes and which has been found to be a
convenient test for estimating individual performance during recovery fram
concussion {(Grormwall and Wrightson, 1974; Gronwall, 1977). The PASAT has also
been used earlier to study narcosis while diviné {(Adolfson and érnhagen, 1984;
Liner 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 Znd fiqure is added to the 1st, the 3rd
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 (VCRT)

The VCRT test with 4 choices is a more complex test than the VCRT with no
choice used by 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 LEDs are programued by a mi-
¢cro camputer program to light up at randam. 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 bhefore diving

~ during bottcm time at 66 m

- during decamwpression stop at 15 m.

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

20 minutes.

RESULTS

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

Figure 23 : performances on NS test expressed in number of fiqures examined
in 1 minute, and number of errors.

Figure 2B : performances on M test expressed in number of nultiplications
solved in 2 minutes, and number of errors.

Figure 2C : performances on PASAT expressed in number of correct additions
(c), number of amissions (0), and number of errors (e).

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

of errors.
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0o and schedule of the psychometric tests
Practice runs at surface In laboratory

Reference tests in chamber at 10 m in heliox

4, 5 Tests during compression at 142, 245, and 400 m
Tests in hydrox at 450 m

Tests in heliox at 450 m (team A)

Tests on hellox, then on trimix with N2 at 450 m with mask {team A)

Number Similarities and Multiplications
Tegts at the start of hydrogen decompression at 420 m (team B)

"post-dive" control tests at the end of decompression (heliox)
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Mean performance of the 6 divers of Hydra ¥ + 5d on the 4 psychometric tests.

L/ PHZ = S bar

=53 pEZ = 20 bar

PH2 = 25 bar

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

B : parformances 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
correct additions (c), number of omissions {o) and number of errors (e).

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

and number of errors.

cComex




&3 dse'reed, ransmited norn any way made public withoul the winmnen permission ol the owner, any persen i possessicn of this

« THIS DOCUMENT 15 THE PROPERTY OF COMEX, all inforination conta:ned herein may nether te reprocuced. v

document acknowledges being bound by the obigaton 10 eal it as coniiZentialn.

6-8A

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 nitrogen

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 < 0.01) 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 number of errors. The
tests carried out during campression do not show any significant variations
until 245 m. Deterioration is noticeable fram 400 m on but it does not became
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 % - helicx) a samewhat
higher performance was recorded in the 30 % H2 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 frcm the performances at

10 m (-1 %).

At 450 m 3 subjects breathed by mask first heliox and then trimix with 16.9 %
N,. The performance in the NS test was -4 3 ¥ 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 % T The corresponding value for the whole
groupe was -16 % t 7 (P < 0.01).

At the end of the decampression the NS tests show significantly higher per-—
formances than in the control situation (P <« 0.05; P < 0.0L).

2 - Multiplications

Figure 4 (A and B) gives the results in the foumn of percentage of variation
{mean : 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 obtained inmediately 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 % £ 10 is chserved for this
test during the nitrax 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
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Figure 3 (A and B)

Mean variation of the performance (t 5d) on Number Similaritias 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 =3, or for only 3 divers [ __ 1.

* P < (0,05

¥* P < 0.0t

xxx P < 0.001
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Figure 4 (A and B)

Mean variation of the performance (t 5d}) on Multiplications test in per-
centage relative to the reference value (average of the 2 tests at 10 m
on heliox for Fig. 4A, preceding test for Fig. 4B - for details, see

the text -) for the 6 divers of HYDRA V==, or for only 3 divers{— .
w P < 0,05

* P < Q.01

*xx P < (.001
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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 scmewhat low. During
hydrox saturation there was considerable individual variability from 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 detericration
(P < 0.01) in the results only for one 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 hydrax 56 % and‘heliox at 450 m was 12 %. 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 PN2, but at 66 m, the deterioration
for the same 3 divers was -22 % ts.
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 % canpared to the reference
value at 10 m.
At the end of decawpression the 6 divers have recovered their pre-dive perfor-

mances with a more stable response to the test.

3 - Paced Auditory Serial Addition Test

Fiqure 5 shows the same results as Figure 2C but expressed as mean percentage
of variation = sd fram control (mean value of 2 tests at 10 m in heliox) in
the nurnber of correct additions. The PASAT could not ke given during the ni-
trox dives and trimix breathing at 450 m for technical reascns (too short
bottam time, coammnication problens).

We did observe the following :

- good mastery of test in surface practice sessions;

=~ 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 < 0.09).
- 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 scme
declined by virtue of an increase in the number of errors, cothers by an in-
crease in the number of amissions, others by an increase in both.

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

Mean variation of the performance (+ 5d) 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)
only for 3 divers
*x PL0.05

P {0.01
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4 - visual 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 negative variaticn. we did observe :
- mastery of the test at surface is gradual but clear (see Fig. 2D}
- the slight variations observed 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 fram 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 deccmpression the performances were the same as for the

pre~dive surface tests.

5 - Camparison of the 4 tests and clinical observations

Fiqures 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 PI, of the breathing mixture. The per-

2
formance on the VCRT test is the least affected, and the PASAT pertormance
the most affected. The performance on NS and M tests are affected by the

experimental conditions in about the same way. The detericration abserved

for the PASAT seems to be proportional to the PH,. IFig. 8 shows the percen-

tage of variation in performance for the 4 testszcmx,l_:)aring results fram
the arrival at 450 m and 24 h later. The performances on these tests do not
inprove after 24 h at 450 m, the performance levels remain poor for the NS
and the PASAT or became poor (M).

The performances of the NS and M tests could be campared 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 PH, = 24.5 bar the decrease of performance
in 6 divers was ¢ %, 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 under
the same PH2 , but this is not showm by the NS test.

The slight but definite narcosis which showed up in hydrox at 450 m depth
was also revealed by the divers behavior, which is briefly analysed here.
The normally serious and well-motivated ccamportment of the divers during the

tests was slightly affected'deeper than 400 m. At 450 m there was, however,

a difference in the 2 teams. In team A no diver noticed narcosis, however
comex
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FIGURE 6

Mean variation of the performance (-_t Sd) on Visual Choice Reaction
Time test 1n percentage relative to the reference value (average
of the 2 tests at 10 m on heliox) for the 6 divers of Hydra v

[ 1 , or only for 3 divers i .
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the hehavior of one diver indicated a slight narcosis, whereas in team B all
3 divers felt a slight narcosis. Some of the divers were obvieously euphoric,
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 fram 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
he 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 controlling themselves.

DISCUSSICN

1 -~ Multifaceted influences

Interpretation of the results of these 4 psychametric tests is a rather de-
licate task in view of the cauwplex experimental conditions and the simulta-
neous influence of several different factors (campression, confinement, gas,
temperatura, etc..). In addition, the results of the other psychcuetric
and psychophysiological tests used in this dive are not always camparahle.
It is also difficult to apply statistical metheds to such a limited sample :

6, or even 3 divers, depending on the case.

a) Envirommental factors not particular to diving

Conginement

The influence of confinement 1s related to the length of time in confinement.
In our study there was no difference between performances on reference tests
at 10 m in helicx and the pre-dive surface values, except in the Multipli-
cations test (see Fig. 2). It would not appear that confirnement is vespon-~
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-
ginning of the dive. Confinement does therefore not appear to affect the
test results. The divers were nevertheless subjectively quite sensitive to
the lack of camfort of the small spheres.

Test time
Although there is no statistical evidence, due to the small number of

cameaex
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divers and test occasions, it would seem that performances on tests were
better in the afterncon than in the morning. This observation is substan-
tiated by the subjective impressions of same of the divers who had more
trouble of concentrating in the morning than in the afternoon, and accords
with the observations concerning the influence of circadian rhythm on psy-
chometric tests (Froberg, 1975).

Length of time at maxdmum pressure

=« TFor 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 bottan just before decampres-—
sion began.
The results of the tests at 420 m with a decreased PH, (19 bar) are not

sufficient to draw any conclusions concerning adaptation to narcosis.

Temperature

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

L) Factors peculiar to diving

Compression and pressure

Rapid camwpression to great depth is usually accampanied by a decrease it
performance which is part of the HPNS (High Pressure Nervous Syndrame). The
campression profile for this dive to 450 m was relatively slow and was used
previously for ]

— DEET 79/131 dive (Rostain et al., 1980)

-~ ENTEX § dive (DRET, 1982)

- ENTEX 8§ dive (DRET, 1984a)

- ENTEX 9 dive (DRET, 1984b)

Unfortunately our series of tests was not used during those dives and there
is therefore no basis for direct canparison. Our subjective evaluatidn,
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 te cause decline in psychanetric test performances (Lemaire, 1980).

Gas

As a result of previocus studies (arnhagen, 1979; Brauer et al., 1982) it is
known that helium has little or no bioclogical effect on the organism, and
that hydrogen has a certain 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 observed could be due to campression, to pressurs,
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-observations 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 sane effects on the inpairement 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
hydrocgen 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 camot draw the same conclusion because of the gmall impairement observed

in HYDRA IV.

2 = Appropriateness of tests for studying narcosis

A narcoslis 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 previcusly by Adolfson (1965) and Bennett and
Blankarn (1974), for stuwdying nitrogen narcosis and by Carlioz et al. (1985)
and Adolfson and 6rnhqgen (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 tumber 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 dees not vary as a function of PH2 and PHe, which is in agreement with
previocus findings during exposures to H, (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,
ut 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 observations are concerned, the divers experienced " a slight

camex




meither te reproduced, used. disclosed, ransminied ndrin any way made DLbC wihoul the written permission of 1he owner. any Perscn in possession of this

« THIS DOQCUMENT IS THE PROPERTY OF COMEX. 3'l imlormation contained nere.n may

document acknowledges being bound by the obligatign 1o weat (L 35 conhigentaly

6 - 19

but contrcllable"” 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. Zetterstrim was deeper : 160 m (Zetterstrdm, 1948;
Bjurstedt and Severin, 1948), but his dives were open sea dives which made de-
tailed cbservatians of narcosis difficult. Furthermore, Zetterstrdm shifted
fram nitrox at appr 60 m and hydrox breathing to him must therefore have
seamed free fram narcosis. COMEX (1984) and Adolfson arnd 6rnhagen {1984) re-
ported narcosis during hydrogen exposures. The findings of aAdolfson and
6rnhagen were only slight because of the relatively low pressure 13 ATA. The
COMEX experiments showed at a PH20f 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 PH2 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 arithmetic test in a conventional
sense. The additions are so simple that any subject - irrespective of educa-
tion — is nomally able to solve 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 previous acts and experiences with caming actions. A re-
duction of the number of correct answers on PASAT can be caused by a deterio-
rated memory alone or in canbination 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 PH2 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 nbn—paced tests such as Number Simiia-
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 PH2.
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 ailr 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 H2/N2 narcotic po-
tency ratio of 0.16.

= Multiplications test : the mean deterioration at 450 m was 7.7 % with a
PH2 of 25.5 bar, and was 16 % at 66 m with a PN2 of 7.2 bar, giving a

H2/N2 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 vexry different from 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 Brauwer and Way (1970) and Kent et al. (1976). On the basis of the
H2/N2 narcotic potency ratio 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 1s not possible or advisable to make too vivid
interpretations of behavior during divers time off in charbers.

The evolutlon of narcosis as a function of time is as yet little known. Few
saturations have been carried out 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 (PO2 = 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; 1981b; Bennett and Towse, 1971: Lemaire, 1980; 1982) and
normally an increase in the VCRT time is observed upon arrival at the bottam
(from +10 to +15 %). This gradually decreases during the period spent on

the bottom. 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 observed a
tendency for the VCRT time to increase (+12 %), whichmay be correlated to the
HPNS symptoms which appeared in this gas mix.

5 -~ Pressure - Narcosls 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 ocur tests (e.q.

the Multiplications showed much greater deterioration on trimix at 450 m) nor
by the self-observation 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

al  Ewion on the parnt of the investigaton

This could be a consideration, particularly for the PASAT, because of the
problems of unscrambling the voices and cammnications. To reduce the pos-
sibility of error, the investigator first did the scoring cn 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 campared.

caomex




6 -~ 22 A

er be reproduced. useq, discloted. transrnited nar i any way made pubic withoul the writien permission of 1he owner any [€rson in possession of this

A iafoemangn contained herein may ne'th

document acknowledges being bound by the ab'igation 1o treat 1t as conlidentahy

« THIS DOCUMENT IS THE PROPERTY OF COMEX,

b) Cheating on the part of the divers

When repeated tests are performed on men in long time confinement the “sport"
of cheating has to be anticipated. The VCRT is impossible to falsify hut
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 scme of the last tests of the post-dive contrcl
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-
taticn.

CONCLUSION

HYDRA V was the first instance where 6 men lived in a hydrogen-helium-cxygen
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 PH2 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 (Mumber Similarities, Multiplications, Paced
Auditory Serial Addition Test) which showed moderate deterioration in perfor-
mance and a broad individual variability. ¢n the basis of these tests the
narcosis experienced by the divers in hydrox at 450 m could be cawpared 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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INDIVIDUAL RESULTS TO THE 4 PSYCHOMETRIC TESTS

APPENDTIX

PACED AUDITORY SERIAL ADDITIONS TEST
VISUAL CHOICE REACTION TIME

NUMBER SIMILARITIES

MULTIPLICATTONS

= Individual performances
= Individual percentages of variation

= Individual curves
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Cepth o) ¢ ¢ 0 0 0 0 0 0 6 U5 10 10 142 245 400 450 450 450 450 450 455 450 450 450 450 420 76779 S1/6L 42/5) 20/3) 12/6.5
Gas alr alr alr alr air aic ale aie ol ale He  He He K2 H2 H2 NI W2 HX HX Me He He He bk HT Ha He He He UL
PH, (bar} ram S 20 235 25 25 B 1 I null?
chambar oask
Al n 129 146 147 162 15) 161 167 lok EI6 E94 16LIAA 170 167 1)0 146 123 149 153 170 176 174 176 150 140 180 144 214 mna 1a)
L] 1 1 1 L 1 1 [} } } 1 [} 1 ? 1 1 1 1 T 4 0 0O 1 4 3 Q i ? L 4
L} n 81 9) 101 94 101 98 97 120 97 91 107601 010 LIl k3 %) BZ 10% 98 9T S0 101 119 8% 107 124 119 161 Lt 144
L] 1 H a o o 0 9o 9@ 2 0 00 0 9 1 o 0o 0 0 p O 2 2 D D 9 Q Q 0 a
LY n 124 140 146 154 157 168 174 166 L6 LS5 160130 144 150 1I6 146 130 149 140 144 142 149 40 168 124 149 176 144 (3] 161
. ¢ ] a o o 1 i \ 3 ] [ 1 vt v 0 o 0 O 1 T 1 a 1 1 a ¢ d { aQ
Bl n 133 124 16) 162 161 §50 137 168 L3I0 LT4 161167 161 (/6 150 149 1T 1)6 153 29) L74 lat L9 167
- 1 o 0 } 0 9o o \ 1 9 9 9 o a B v 2 0 } ] L 9 a 2
B2 n 16 126 1YL 142 130 139 137 146 (18 L24 (40024 126 156 190 131 12D 118 160 176 67 144 156 154
. 1 H il 3 t 2 ) ] 1 L 0 { 4 © 0 o0 0 L 1 ) Q 1
LT n 109 11V 131 117 140 135 131 USY LSO L44 (46131 144 150 105 107 130 1ad 146 161 155 161 136 162
- 2 0 0 } 1 49 0 ] 4 1 T4 | ' ] ¢ o 0 0 ] a Q L 1
o TIS 127 197 14) 142 141 140 130 128 147 147040 146 152 104 194 110 134 110 137 136 (40 148 106 124 13) 167 164 164 (T3] 62
s &d 1717 19 22 21 23 ¥ 4T 0T 1) 2019 (7 10 1} 1% 12 15 23 0 ¥ 30 20 Y4 1) 6 M 14 24 27 L2
. 1,20.70.8 1,10.80,70.8 1.8172.0.40.%.21.29.70.58,20,50. 1,707 1.0 1.0 1.7 1.3 1,303 Q.7 4.3 0.9 1.7
* 54 1.1 0.5 1.2 0.2 0.00.7 1.1 1.21.10.70.60,4 L,J0.70.50.40.70.40.91.70.90.00.81.71.21 9.5 9.7 ¢.7 0.5 (]
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, e) - 5d were calculated.

Dapth (m) 66 142 245 400 450 430 450 450 450 450 450 450 450 420 End of decompress lon
PH2 (bar) 0 9 S5 20 25 25 25 25 13 0 O O 0 19 0 QO 0O a 0
PN2 (bar} 7.2 9 9 o 0 0 ¢ 0 0 0 0 078 0 O 0 0 9 o
a1 -6 -3 -4 -26 -16 =30 15 -13 -3 +1 -1 +1 -7 +3 %5 422 +19 a5
A2 —19  +14 +7 +7 -11 =21 +5 -6 =7 —14 -3 +24 +20 +19 +24 459 +13 +39
Al -19 -4 40 -9 -2 -13 -0 -7 -4 -5 -1 47 -2¢ 13 17 -4 44 47
B1 -2) -2 +7 -1 -9 -39 7 -7 424 46 -1 4 #2
B2 -19 +3 +18 v - -7 -1 +22 433 27 49 419 414
B3 -2 #4488 -1 -1 -8 44 5 416 #12 +16 #12 +17
x “6 42 6 -5 -7 S8 w6 =B -5 -6 =1 46 -4 47 +16 +15 +16 12 +14
+ 54 7 A 7 11 & 10 3 3 3 &t 131 19 12 11 g 2 6 12

Individual variation of the performance on the Number Similarities test iIn

percentage

on heliox, except for the tests at 66 m and at 450 m undex N2

(%) relative to the reference value (average of 2 tests at lOm

where the re-

-+
ferences were the preceding test). Mean of variation (x) ~ Sd was calculated.
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Depth (m; 1] a q 0 0 0 0 0 G6 15 10 10 142 245 400 450 450 450 €50 450 455 450 450 450 450 420 16/79 42760 42753 W0/)) 12/6.%
Gap Ay alr 4ir alr alr alr airfabke nkw alejHe e Ma HZ W2 H2 H2 H2 HZ H2 Hs He He [He trk[dl [:1] Ha Ha Ha (]
My (bar) rox S 20 25 25 23 25 13 minhg
chambar mask
Al - 416 13 15 L7 16 14 1S 4 18 15 1% 19 0 14 19 14 17 14 18 16 1S 17 16 1R 13 18 16 L7 L4
. 5 10 4 5 i 7 4 5 19 6 4 6 ) a 9 6 L] H 9 L] 5 & 3 L] L] 2 5 2 3
L¥] » 25 24 2% 24 )0 24 27 20 1 18 18 2T X 21 N 2 @ 1w 1% 25 25 1S X 21 % 7 29 19 28 27
- H 1 ] 1 [} 3 1] 4 1 1 4 q 1 2 4 ] )} ) 3 2 L] L) o I 3 1 1 4 ] 4
L} L A 15 28 039 g 39 1) 24 ¥ N1 d1 N4 15 19 M 2% NT 3 MW RIS VA T S b & 3 18 » Ja 1 14
- 5 L 1 1 4 b 2 2 q 2 2 Q I 2 1 ) 2 3 2 )] 5 I 5 "] 5 1 ] 4 ] |
at [ ] 16 1 21 22 It 35 2) 22 0T M6 P2 2y 15 17 i6 1Y A6 a2 8 26 2] 15 5 29
- 5 0 9 2 L ] 4 2 4 1 ) 4 + ] b H 3 e 4 1 Q Q L 3
02 ] 19 22 22 23 10 22 k) O} O:2 o2 2 4 4% 2} 18 3T 0 1 1] 7 F1 24 15 19
] ) a ] 5 1 H Y L] 6 [+] 1 ] 1 ¥ 4 4 2 L] 7 1 2 ] Q 4
B) [ ] 24 30 30 33 1% 27 10 1 317 3 10 1) 3 35 % 3 19 % b3 19 b1} 32 Ja
- 0 1 2 1 4 Q 4] L} 1 2 1 2 ] 3 3 ) T 4 2 ] 4 ] 2 4
M W 2% 15 M@ M6 M6 25 I 2T 2% M4 U9 0 22 2% n 12 2 27 W6 6 6 15 17 12 18 7 27 27 14!
+ 5d 6 1] 1 6 ] 7 a [ 5 L3 5 ’ 6 [ 5 b ? 9 a 9 9 @ 9 4 1 7 7 ? 6 1
. VR 220230 2.7 2.7 2.2 2.8%,0 2,0 1.7 2.2 1.5 2.0 4.08.01).82,% 3D 4.7 4.3 3.7 )7 2. 40 4.0 1.0 2.0 2.8 1.1 3.2
+ g5 L 0.3 1.6 1.9 1.2 2,2 0.7 L7 2.9 0.9 1.1 221,00 2,4 1,429,010 0.9 3%10,%1.7 2.6 2.50.82.1 1.0 1.3 L.4q a.7 (I ]
Individual performances on the Multiplications test of the & divers during
HYDRA V expressed in number of multiplications solved in 2 minutes {(m) and

- -+
number of errors (e). Means (m, ¢) - Sd were calculated.

Depth (m) 66 142 245 400 450 450 450 450 450 450 450 450 450 420 End of decompression
PHZ (bar) Q qa S 20 2% 25 25 2% i3 0 4 0 o 19 0 aQ Q Q Q
PN2 {bar) 7.2 Q qJ a 4] G Q Q 0 0 0 1.8 Q 0 Q a ) Q
Al =13 27 433 -7 +27 -7 +13 =7 20 +7 0 +13 -13 +7 +20  +7 #1313 -7
A2 -3 +16 -2 -74 -20 -35 -31 -46 -9 -y -9 -1§ -29 -0 +6 +6 -6 -Q
LE -27 *8 +11 -8 -5 -8 #2  #95 +21 +2}] +18 #21 -41 +21 +24 +21 +18 +[4
a1 =23 #16 426 =26 +7 -26 -44 -16 +21 +7 +16 +16 +3%
D2 =4 +22 #12 422 -7 -2 42 +12 432 +17 »17 +22 +42
B) -4  #14 +11 -21 +t4 -8 -5 -18 -2 -84 -4 +2 -5
* =16 +17 #18 -10 +2 ~14 ~10 -16 +11 46 +3 46 =27 -7 +13 L1 +10 +11 +1]
l b osd 10 6 11 16 17 12 20 22 5 12 1t 16 12 14 12 11 19 10 19

Individual variation of the performance on the Multiplications test in per-

centage (%) relative

heliox, except for the 2 tests

to the reference value (average of 2 tests at 10 m on

at 66 m and at 450 m under N2 where the refe-~

, -+
rences were the preceding test). Mean of variation (x) - 5d was calculated.

comex




6 - 30 A

Depth (m} ¢ ¢ a0 o 0 ¢ 0 9 0 Q10 10 142 245 400 450 450 450 450 4S5 450 420 78/7% S1/61 41/3) 20/1) 12/8.5
Qas alr slr sie sl air alr aic ol oir alr ke Me He N2 NE H2Z W2 HI H2 he He H2 MHe He He Ha L:1]
PH2 {bar) 9 20 25 25 25 1] 134
At < 18 29 10 31 18 40 )6 AL 45 U IB 40 45 47 D4 13 43 37 a4 4D M L1] 16 44 46 4“6
] 46 19 35 21 10 25 12 10 4 18 19 1) 10 k) 19 1) L} 4 3 9 8 19 24 (] kil [N}
. 5 5 4 5 ] 4 (L a 1w It 12 W obd 14 16 23 18 28 22 % N 12 9 (¥ [ ¥ 1
Al a 65 6T 61 6% €5 59 65 f4 64 67 &7 66 GH 6B G 31 6% 56 65 &7 63 66 67 59 L 3] 69
© L] ] T {1« 10 7 L L] L g 1 n n 2 0 0 k) 2 n 0 T ] Q 1 a
L] [ ] 1 4 0 0 ] q 5 ] 2 1 j ] 4 18 4 10 2 2 4 ] 1 ] 4 a
L3 [ 60 68 67 63 68 69 69 6% 6% 6B 6B &7 69 LY &6 60 68 65 BB B 67 68 69 65 68 %
o 6 0 1 Qq a 9 o a U Q 4] ¢ o 0 I o ¢ 1 i ) o 1 0 ] t q
L] hJ 1 I Q 1 o 0 LU ] ] T 0 0 I 1 1 Yy ) [} 0 Q ] 0 i
B1 < 4) 55 %6 3@ 57 60 S8 61 59 6! 65 64 66 L3 47 I8 J4 )6 48 &R 69 &7 66 L1
[ 17 11 1 6 8 & 10 5 a [ 3 2 1 4 16 2% 1T 0 14 1 Q F] ? 1
L3 9 ] 2 9 4 ] 1 3 2 1 1 1} 2 2 [ & A ] T 0 Q0 a ]
a2 c W3 %2 36 1 4L 46 5P 56 5Y 52 81 55 51 43 42 4T M) 51 62 (1] (1] 61 &0
] 0 26 15 32 % 24 20 UL 1Y Ly w2 A 14 34 1% I3 M M La s .E ] & ]
- 9 4 H 1 6 4 ] ] g b A 9 0 7 1 2 3 2 4 H [ [} L ]
B) c 5, &4 68 €9 69 69 &9 68 61 43 &6 HA 65 64 55 52 30 64 62 68 69 (1] (1) 44
] 11 ] q q a ¢ 0 a 2 9 U 9 0 (LI B 4 3 0 2 o Q Q L [
. & 2 ] Q ¢ ¢ Q0 1 4 Q i 1 . 5 5 12 5 5 5 1 1] [} ¢ i
P 45 5S4 56 56 56 56 S7 60 59 60 &0 €2 61 AD 51 48 53 49 49 ST 34 34 62 63 6) 62 6}
+ 54 1% 13 13 15 13 11 1) 3+ 4 10 Il 7 9 10 11 12 11 14 1111 B 6 1) 1 9 9 [:]
o P L R R Y I Y S 9 6 & & 6 4 4 s 17 M T 12 2 4 3} 10 k3 4 4 4 4
+ 5d [ O T O S B % S 14 9 1 L] 17 ] 5 ] 3 a9 n 3 14 T 4 4 6 ? 9 4 ] 4
. 3 } 1 1 2 1 } 3} + bl 4 ] 4 s & 10 T 9 a -] .3 5 ) 2 ] b ] 1
+ 84 3 2 1 1 1 ? 4 } 4 L] 4 3 5 5 5 [:] L2 9 10 a 9 1 4 1 L] 5 4
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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 (E, 5,

- +
and e ) = 5d were calculated.

Depth (@) 142 245 400 450 450 450 450 450 450 420 End of decompresslon
PH2 (bar) 0 5 20 25 25 25 13 0 0 19 o 0 0 & q
Al +5 -2 =21 =23 0 -14 +2 -5 -7 -12 ~16 42 +7 +|2
A2 *2 #2 -5 =23 -2 -16 -2 1 -2 -1 +1 +d4 -5 44
Al +2 42 -2 ]l 41 -4 41 =T 42 +F 42 -4 o+l #2
Bl #2 -2 =27 -4l -32 -44 =26 45 41 44 +2  +2
B2 -3 -10 -24 -26 -26 -42 10 +10 +15 +15 +10 +&
B3 -4 -6 -22 -22 -15 -g -9 0 +2 0 g «q
x tlo-3 ~17 =23 -£2 =21 40 -4 -2 ~15 41 +2 +4 +1 44
+ 5d } o4 10 12 13 16 2 3 4 8B 7 9 6 5 4

Individual variation of the performance on the Paced Auditory Serial
Bddition Test (correct additions), in percentage (%) relative to the
reference value {average of 2 tests at 10 m on heliox). Mean of va-

-+
riation (x) - Sd was calculated.
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Depth (m) Q 0 0 a ] a 9 Q 9 0 10 10 4z 745 a00 450 450 450 450 455 450 420 TA/I9 52761 42753 20/3) 12/8.%
Gap air alr sir air air air ale sale alr 8lc He He e N2 HZ HI HZ H2Z HZ He He HI He He Ha L ita
PH, ibar) 5 W 25 25 25 1} 19
Al t 315 325 3IS 376 121 3% 3O M) 312 166 106 3OV M1 35D I02 IN2 292 285 297 304 344 26) W4 7 91 2821
sd 58 6L %8 7 120 17 106 SL 8} 40 &0 76 6B B) 46 )9 46 40 99 47 105 9 11 16 7 56
L] 2 1 (] 1 (] 1 a ] 9 4 2 2 ] 2 ] ] 1 L] 2 1 1 2 ] L 2 1
h2 [ 3 34 309 294 276 271 27% 275 285 19% 184 290 293 207 107 J0O 208 45 268 09 )19 274 119 208 pld] 114
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Bl (4 307 X568 X5) D61 114 144 18 309 3OS B24 JL7 2L M) IV 31O M2 6 2% 98 in I 196 192
8a 46 40 64 202 Js ST S5t 16 6 1) 4L S) 31 Y0 o4 20 27 16 JO Te) B 19 7 35
L] Q Q @ a Q a ¢ o ] ] Q LU ] 0 ? ] 0 1 1 4] Q (] 1 Q
n2 3 350 351 IS0 18T 169 164 Jd4 J4Q J28 314 ML Y16 K19 D24 D35 2DE 239 M7 1}0 60 116 115 19) Ja:z
9d W Se S4 641 39 69 54 67 9 30 54 5% 7Y 4 5B 67 19 1 4 129 63 a7 43 47
L] o ] o 1 ] 1 a o 9 [} L o 0 0 0o 0 ¢ 0 2 7 < < 1 a9
[} [ 3971 379 )63 164 130 112 143 326 11D 374 JIS 329 )42 328 33T N2 350 Y Joa I 06 pI% 119 117
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+ sd 27 0.5 00 L4 L1 2,222,222 160,010,015 1. 2, 42,71.5001.920,90.5 1.2 1.6 0.5 0.5 Lt

Individual performances on the Visual Choice Reaction Time test of the 6
+
divers during HYDRA V expressed in average time (thousandths of seconds)-54
- -+
on 80 light stimulations (t) and number of errors (e}. Means (t, e) - sd

were calculated.

Dapth (m) 142 245 400 450 450 450 450 450 450 420 End of decompresslan
PH2 (bar) ad S 20 2% 25 25 13 o o 19 0 o Q a Q
Al -5 =21 -2 -5 +2 +4 -0 -3 -16 +11 411 +8  +2 o+
A2 -2 -4 -7 -5 -0 +1 -0 -8 -14 +5 43 -0 -5 +9
A3 -7 -9 -8 -1 -7 +1 -6 -9 -§ +1  +5 2+l 9
Bl +2 #3 -2 -0 +2 44 +7 +7 #3 +2 +7 9
B2 +3 w4 +1 4 0 -2 +31 -9 +a 44 +14 +11L
Bl =3+l -2 +6 -5 +6 FBO4+6 +8 44 o+l -2
x =2 -4 =3 -1 =2 42 -2 -7 =12 +6 +3 +6 41 +1 45
+ 34 4 9 K} 4 4 1 i 3 9 3 6 3 3 6 4

Individual variation of the performance on the Visual Cholce 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.
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VENTILATORY TOLERANCE TQ EXERCICE DURING AN
HYDROGEN : HELIUM : OXYGEN SATURATION DIVE (HYDRA V).

P. GIRY (»), A. BATTE3TI (%), H. BURNET (+) and R. HYACINTHE (#).

Using Hydrogen as a diluent gas for diving haa heen thought of
since 1930 <1). Thae firat actual human axperimantal divea uaing thia
diluent gas for Oxygen has baeen performad by the Swediah Navy (2). A
serias of bounce diveas has been acheivad by EDELL’a team (3) and by
FIFE (4>. . .

Moat of the animal experimenta dealt with tha neurologic
effects of the gaa (3) or the daccmpressicn problems (6). In this
field, &a Fraench work (é6) deascribad a "toxic effect” attributaed to the
mixture, and further work in this area has been post-ponad., Racent
eaxperinmentas did not find thia toxicity (7, Gardette at al on rats,
ROSTAIN at al on monkeys)(8). It seems that in this expariment (dive
in H2/02 at 30 ATA with a taemperature of 29 'C), the resulta obaervad
may be due to the combination of a very high narcotic potency of the
gasa (PH2 = 29.3 ATA) and hypothermia. The uaa of Helium for deep
diving stopped the urge for finding a new diving mixture.

The avidence of a denaity-related limitation to ventilation
(9, 10f induced a saarch for e« breathing gas lightér than Helium.
Looking at Mendelaeliev’‘s table, it appears that the only candidata is
Hydrogen. In the "8Ca, ilntereat in Hydrogen has been raeaniawed by this
agpact of the praoblem and by thae price of Helium. Two aseries of human
experimenta has bean conductaed in thias field, one by the Fraench diving
company COMEX <(HYDRA aeriea, 11), the othar by the Swadiah Navy (12,
13>, All the work performed in this area evidencad a narcotic pawer aof
the gaa at preassure. Howaver, nona of thess teama did study thef
putable improvement in tolerance to exercise provided by the mixture,
The Swedish team did not observed any drastic incresse in Vital

#= EASSM~CERB, BP 610, 83 800 Toulon-Naval (France).
+ GI3 de Physiolocgie Hyperbare, CNRS, Marseille (France)
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Capacity (VC), Forced Expiratory Volume in 1 s (FEV1l) nor tolerance to

exerciae.

The present experiment (HYDRA V, sponscred by IFREMER and
DRET? is the firast saturation dive using Hydrogen as part of the
diluent gas. It ‘inﬁcnds to aeavidence the modifications in exercice
tolaerance induced by the use of a H2 ! He : 02 breathing mixture
(HYDROX) breathed at 46 ATA, as comparad to a He 1 02 mixture
(Heliox). Due to the narcotic effectas of Hydrogen, FH2 has baan
maintened at 25 ATA. According to the theory of respiratory meachanics
(10), thae aexpected gain afforded by the ternary mixture could be of

10% to 15X at maximum vantilatory rates.

This situation is the only cne known in which narcotic effects
dus to elavatad PHZ <(which may interfere with the regulation of
ventilation) combine to decreasad gas denaity (which should laad to
increased ventilation). Therefore, no pradiction can bha made on the

resulting ventilation at work.

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

The HYDRA V dive is a saturation dive at 46 ATA. It was planed
to concern 2 teama of 3 divers each (teams A and B). It should includa
: controlas for 3 dayes at 2 ATA breathing an Heliox mixture
(CONFIN) ,compresaion ;o bottom praessure in 39 h using HYDROX mixturae,
astay in HYDROX mixture of 3‘days, switch to Heliox for 3 daysa, then
decompression on Helliox. Dua to counter-diffusion and HPN3 problana

during the gas awitch for team A, team B has not been submritted to the
Haliox part of the experiment. Table I gives tha schedulad situations.

Pressure stay PO2 PH2 PHa Temp?rgtur- Codea

ATA days aTa ATA ATA

2 3 «ch nil 1.6 - 28 CONFIN
46 2+1 -4 2% 20.6 32 HYDROX
46 3 -4 nil 435.6 32 Haliox

Table I : Experimental aituations scheduled for
both teams {(parformad conly by team Al.
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I1.2. The divers.
Six . divers volunteered in the experiment, 3 commercial diversa

from COMEX, 2 milittary divera, and 1 civilian diving instructor. Table
Il gives the characterisitics of the divers.

'DéGQr Age Height Weight V02 max ® VG FEVL MVV Origin
( m kg L L 1

oda) yaara ml.mn-1,kyg L.mn-

Al 40 1.89 88 3a9.0 .32 4.10 198 M.N.,
A2 35 1.83 aQ 44 .1 5.383 3.80 192 COMEX
A3 34 1.76 74 40.9 8.2%5 5.01 171 COMEX
B1 32 1.76 73 S0.8 5.60 4.16 136 M.N.
B2 a1 1.79 73 3.0 5.40 4.09 138 COMEX
B3 34 1.72 75 44.0 4,61 3.57 177 INPP

Table II : Divers anthropometry.
» jndirect meaasurement according to ASTRAND (=)

M.N ¢ Marine Nationale (French Navy).
COMEX : COMEX commercial diver.
INPP : Inatitut National de Plongee Professionnelle

{Diving Instructor>.

I.3. The exercisea and breathing resistances,

The protocel for the exercise tolerance tasta hasa been
identical to the one used during the previcus 4&€ ATA French
aaturation dives (ENTEX series, 14, 15,.16).

In order tg evidaencoe any ventilatory benefit, ventilatory
request has to be great enough. The ventilatory request has baen
achaeived . through | 6 minutes muacular axercise runs o<on  an
aelactrically brakad blacycla argometar (SIEMENS) at preset workloads
of 0, 7% and 110 or 190 W. Due to a dafact in the regulation module
of one of thae bikas, the workloads requeatad in HYDROX haa been 1.4

greater than in Helliox.

In order to attain the ventilatory limits of the subjects,
external breathing resistances have baen addad, 1dantical on pboth
the inapiratory and expiratory sides of the breathing apparatus.
Thesa waere plexiglass diaphragma, 1 mm thick, perfored by a
calibrated orifica. Tha diametera have bean choaen in such a way
that thae axtarnal reatatancesa ashould be identical in CONFIN, HYDRGX
and Heliox. The goals were breathing reaiatancea of 0 (RQ), 10 (R2)
and 1% (R3) cm H20»(L.s-1)~1 for a sinusacidal breathing regimen of
40 L.mn-1 (V&L = 2.0 L, £ » 20.mn-1) at the gas density tc be used.
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Thea different combinationa testaed are given in table ITI.

3ituation Workloads Diaphragms
coda Wattas code mmn

wo 0
CONFIN wo’ 28 RO 40.0
Wi 105 R2 10.0
w2’ 1S4 R3 8.0
w2 210
WO 0 RO  40.0
Heliox w1l 7% R2  12.9%
w2’ 110 R3 11.S
w2 150
wo 0 RO  40.0
HYDROX Wi 105 R2  12.0
w2’ 154 R3 10.S3
w2 210

Tabla III: Actual workloads and reaistances
Imposed to the sub;ects
(WO’ used during CONFIN. W2’ used for R3I)
The organization of a session is given in table IV,

Diver Workload Resistance

W Q R ©
Al w1 R O
w 2 R O
W O R O
A2 W 1 R ©Q
W 2 R O
W Q R O
A3 W1 R O
w2 R O
W Q R 2
Al W1 R 2
w 2 R 2
And €0 on ...
Table IV ! Organisation of exercise runs

I.4. The respiratory measurements aat up.

I.4.1.

The ventilatory measurements.

The ventilatory measuramants worea performed using a

"Bag-in-Box" syatem already described (14, 1%, 16) equiped with a

rolling seal apirometer. The system has baen modified in such a way

that

it allowed P.l measurements and breathing the preasure chamber

gas during the 4 firet minutes of exercice. Recording of tha

ventilatory parameters was done during the laat 2 minutes of the

axearcise runa (steady state period). A gas sampling port in the

mouthpiece allowed continuaus sampling of the breathing gas in

order

to determine Patd2 and PetC02 by mass spectrometry (RIBER GSX
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200). A gas sampling line for gaa analysis was alac aat in tha box
(inhaled gas -analysis) and in the bag (exhaled gas analyais) for
computation of Oxygen conaumption (VD2) after completion of the

rune.

Haa baean measured :
- tidal volume : V& (in L BTPS)Y,
- rospiratory rate ! £ (in mn-1),
- duration of inapiration : Ti (in a),
- mouth preasure : P {(in mb).
- FO2 and FCO2.

Has been computed :
- ventilation : VE = Vt x £ (in L.mn-1),
- Oxygen consumption V02 = VE (Fi 02 - Fe 02) (in L.mn STPD),
- End Tidal Partial Pressure of C02 : PetC02 =2 FCOZ x Total
pressure {in Torr),
-~ flow rates W) by numerical derivation of the volume signal,

- actual braathing reaiatances : P / V.

I.4.2. The P.l1l meaauraement.

The technique used for P.l measuremants hasrbeen identical
to the one describad by Lind (17). P.l has been measured at randonm,
never more frequently than every 3 breaths, and the average of the
meaaures mnade during the laast 2 mn of exerciae conaidred as the

true P.1l.

I1.%. Control of the subjecta,
Immadiate control of the subjects waas obtained through 2
ways I
- inatanteneous PatC02, and control of the capnigram,

- measurement of heart rate by a 3 lead ECG.
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II. RESULTS.
Only team A reaults will be presented here, bacause they

are the only complete set. Team B subjects has not been aubaittad
to the Heliox situation at 46 ATA. Therefore, the compariscon
batween HYDROX and Heliox 1s not possible for theam.

All the subjecots but subject B3 were slightly euphoric in
the HYDROX situation. The exercises has been conaildered as easier
in HYDROX by all the subjacts, aven when the actual worklcada wera
greater than in Heliox. Howevaer, some behavioral maodification let
us presume that there was a slight daegree of narcosis in Hydrogen
(difficulty to calibrate transducers, bursts of laughtar during MVY

measuremanta, atc...).

In team B, for a workload of 105 W and the medium range
resistance R2, subject B did not felt that he had reached hia
limits <(fc = 170, PetCO02 > 70 Torr). He requestad (put has not bean
allowed to) perform the highest workload. Subject B3 has been
unable (due to psychological reasons) to perform any exerciase. The

full set of results is given in the annex.

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

the subjects urc‘givcn in table V @
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Theres no

increase in FEV1

In oarder

HYDROX, it has

) Vaolumic Air 1ATA HYDROX 46
Diver Maan
g.L-1 <0*'C) 1.23 6.4
A1l vC 6.32 6,20
FEV1 4.10 3.10
MvVv 202 33
A2 vC 5.93 35.80
FEV1 3.60 3.14
My 192 S8
‘A3 Ve 6.25 %.93
FEV1 5.01 2.43
Mvv 171 42
B 1 vC 5.60 3.62
FEV1 4.16 2.53
Mvv 156 72
B 2 vC 5.40 $.32
FEV1 4,09 2.60
MVV 138 68
B 3 vC 4.61
FEV1 3.57 Non mea
MvVv 177
Tabla V ! Lung volumes and flowa.

ATA

Cu)

aured

Heliox 46 ATA

807
6.03
2.80
78
S.80
2.91
66
5.93

2.43
435

Non exposed

Non expcsed

Non exposaed

Taam B has not baen axposead to Heliox.
(=) bursta of laught during all triala.

var

ia

to

baean

iatian
at

11.2. Tolerance to exerciae

ba abla to compare tha valuas bhetween Hellox

decidaed to interpoclate the HYDROX values

VC(HYDRQAX) /VYCC(Alr)
VYC(Haliox) /VC(Aix)
VYC(HYDROX) /VC{Haliox)
FEV1(HYDRUX) /FEV1(air)
FEV1(Heliox) /FEV1{(Air)
FEV1{(HYDROX) /FEV1 (Hal iax)
MVV(HYDPROX) /MVV{(Air)

MVV(Heliox) /MVYV(Air)
MYV (HYDROX) /MVV{(Heliox)

tha

.99 +/-
097 + /-
1.01 +/-~
67 +/-
167 "'/-
1.05 +/-
.33 +/-
.37 +/-
033 +/ -
TG /-

in VC betweaen

decrease in MVV ia not aignificant,

02 (m +/~ 3d3},

.03
.02
15
.11
.04

- w ww

c14 C(with  AL)
.12 (except Al)

.07

i28 (with A1)

HYDROX

and Heliox.

limit of atatisatical significanca.

The
The

and

for

workloads of 110 W and 150 W. Tablea VI givea the main reaulta obtain

for a workload

(interpolated).

of

136 W

in Haliox

(actual measurement) and HYDROX
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VE vo2 PetCO2 P.1

CONFIN m 42.7 2.76 3,7 5.6
ad 8.9 .34 7.0 .8

Heliox m 43.6 2.24 37 .0 3.8
ad 14.9% .33 4.0 2.3

HYDROX » 37.6 2.28 60,0 3,9
ad 3.6 .04 5.3 1,2

Table VI ! Vantilatory measurements without added
axtarnal breathing resiatancea, for a
workload of 130 W in Heliox (actual) and
?EDROXA§1ntorpolatad between 105 and 210 W)

eam .

It appears that in HYDROX (as compared to Heliox) !
- V02 is not different,
- VE ia slightly decreaaed (non significant).

- PetC0O2 ia increased (P < .03},

- P.1 does not vary.

If CONFIN ia c¢considerad as refarenca situation, ventilatory

neasurementa in Haeliox are closer tc "normal’™ than the ohes collectad

in HYDROX.

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

tha maximal breathing raesitanca.

VE voz PatCD2 F.l

CONFIN m 29,9 2.00 =7 .6 4.9
ad 1.0 .12 8.2 .3

Heliox m 32.3 . 1.76 6.7 13.2
ad 8.3 .14 2.9 1.8

HYDROX m 29.6 1.94 62.3 9.3
ad 6. .19 7.1 2.3

Tabla VII : Vaentilatory measuremants with maxinmal
external raeaistance for a workload of
110 W in Haliox (actual) and HYDRQOX
:tntar ?lated batween 105 and 154 W)
aam «

The results are the same than without resistanca. P.l is

aignificantly decraeasad. OE ia idaentical 1in CONFIN and in HYDROX.

PaetC02 ia higher 1in HYDROX than in the 2 other situations.

decreases with gas density.
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Peooling all the measurements and comparing the HYDRCX
situation with the Heliox one using Student’s paireds €t teast giveb :
- VE. decreases by 8% +/- 8% (P = .2),
- PetCO2 increases by 9X +/- 3Ix (P < .05,
- P.1 decreases by 27X +/~ 10X (P = ,02).

_ The analysis of the VE = £(VO2> relationship on all the
ocbtained results are given in table VIII :

' Team A Team A-+B
R n aQ al r P < n a0 al r P <
CONFIN _
RO 9 10.3 11.1 .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 i
RO 9 3.4 18.7 .94 "
R2 8 6.3 12.2 .97 * neon exposad
R3 9 8.4 13.9 .86 "
HYDROX
RO 9 - 3.2 1%.3 .98 v 14 3.1 15.0 .98 .01
R2 9 9.4 12.2 .98 " 15 3.8 12.1 .98 "
R3 9 3.6 13.2 .9% * 12 4.0 3.2 .96 “
ALL RESISTANCES POOQLED
CONFIN

22 3.8 13.2 .94 .01
Heliox

26 8,1 12.3 .92 .01
HYDROX

27 3.7 13.8 .96 .01

ALL ENVIRONMENTS POQOLED
RO 26 6.2 14.2 .92 .01
R3 26 7.2 12.1 .93 - ‘
Table VIII : Relatiaonahip On - ad + 51(602) (all resulta)

aQ in L.mn-1 (BTPS).
al in L.mn-1 (BTPS)/L.mn~1 (STPD) of Q2.

The slopas do not differ daponding. upon the medium. The
ordinate for 002 e O is greeater in heliox than in HYDROX.

IT.2. Neuro-musgular command of ventilation :
The neuro-muascular command of ventilation has been appreaciatad
by a multiple correlation technique. Reaults are given in tablea IX to

XII.
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Taam A Team A+B

R n a0 al, r P« n agQ al r P <
CONFIN
RO 9 - .2 17.3 .94 .01 18 -9.3 2¢.0 .92 .01
R2 & =-24.2 22.0 .93 18 -4.0 18.8 .77 .05
R & -11i.6 19.2 .87 " 7 =7.3 16.3 .87 .91
Haliox
RO 9 - 1.6 .8 .69 .05
R2 8 -23.4 52.4 .94 .01 Non axposed
R3 9 5.0 7.5 .88 *
HYDROX
RO 9 - 4,8 21.2 .78 .01 14 =-6.6 22.8 .68 .01
R2 9 - 6.9 8,1 .89 * 14 +7.8 0.7 7% “
R2 9 - 2.6 10.8 .97 * 12 +6.3 8.3 ,79 *
ALL RESISTANCES PQOLED
CONFIN

22 - 6.8 17.8 .83 .01
Heliox

26 +10.6 7.1 .58 .01
HYDROX

23 + 9.2 8.4 .68 .01
ALL ENVIRONMENTS POOLED

RO 26 +15.1 9.8 .76 .01
R3 24 =+ 3.2 9.6 .78 *

Table IX : Relationahip Va = a0 + al(yP.1l > (all results)
a0 Ln L.mn-1 (BTP3)
al in L.mn-1 (BTPS)/ mb.

The eafficiency of the command (estimated by the relationship
betwesn VE and VP.1) is greater in CONFIN than in HYDROX, slightly
greater in HYDROX than (n HalioX.

As shown in the preceeding chapter, P.1 is decreased in HYDROX
aa comparad to Heliox. We tried to analyze the influence of extaernal
parameters (role of the workload and of the diaphragms) and the
influence of endagenous parsmaters (the actual inspiratory reslatance

ResI), and tha bresathing pattern (Vt/VC and Ti) on P.l1. The analysia

is done on log-log transforma.
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n constant log(Ww> log(dia)
CONFIN 22 (r = ,68 =)
’ coaf. 1.4 22 - . 25
t stat. 3.40 (=) 3.97 (=2 - 1.71 NS
Heliox 26 {r = ,84 =)
coef. 2.5 .33 - .58
t stat. 4.19 (=) H6.52 (=) - 3.3%2 (=)
HYDROX 25 (r = ,84 =)
coeaf. 2.9Q .33 - .38
t stat. 4.4Q (») 6,74 (=) = 2,99 (»)

Tabla X ! log(P.l1l) and envircnmantal parmetara.
NS non significant
(+) P ¢ .08 @ (=#) P ¢ ,01 : (=) P < .0Q01
W actual worklcad in Watts
dia : diameter of resiators in mm.
It appears that the role of the mechanical workload is not
different in HYDROX or Haliox, aven Lf it 1ia greatar than in
CONFIN. The influence of the diaphragma i3 greater in Helioex than

in HYDROX, which had to be expected.

n constant log(RasI) log(VL/V¥C) 1log(Ti}
CONFIN 22 (r a .90 =)

coef. 3.3 .18 -84 L.6
t stat, 14.1 (=) 3.89 (=) 4.68 (=) 8.22 (=)
Halliox 26 (r = ,88 =2y
caoaf ., 3a.s .47 1.3 1.6
t atat. 8.70 (= S.79 (=) 4.13 (=) 3.96 (=)
HYDROX 29 (r = .89 a2}
coaf. ‘3.9 .36 1.4 : 1.7
t atat. 9.66 (3) 4.69 (=) 4.69 (=) 5.67 (=)

Table XI : log(?.l ) and regpiratory measurameaenta
u) P <« .01 (=) P < .001
Raal in cm H20.<(L.s-1)-1.
Ti in seconds. )
VE/VC dimansiconless.
. Only the actual inspiratory rewsistances show any differential

effaect. It 1s graater in Heliox than in HYDROX. The sama extarnal

charge will givea greater P.l in Heliox environmaent.

The role of the CJ2 stimulus on P.1l (log-log tranaform? is
described in table X. Even if the slope of tha relationship ia greater
in HYDROX than 1in Haliliox, the origin ordinata (which repreaent a
multiplicativa coefficient) is greater in Heliox. If one recalculateaa
P.1 for a given PetCO2, it appeara that it is always grester in Heliox
than in HYDROX.
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Situation n a0 <t stat) al (t atat) r P
CONFIN 22 .58 73 017 .58 .21 N3
Heliox 26 - 1.36 1.69 L.054 3.59 D7 (w)
HYDROX 2% - 2.86 3.8 L0755 S.73 76 (=)

Table XII Relatignship : log(P.1 ) = a0 + Al log(PetCo2)
(e) P < .01 ; (=) P < .0OL.

IV. DISCUSSION.

Iv.1. Lung function.

The JSwedish team (23) observed a slight increase in VYC at 1.3
MPa, which they attributed to the effects of the stresefull situaticon.
We do notgjﬁgrL same increase. However, our subjecta were under
saturation conditions since 2 days, and the stress effact was deletad.

The incresss 1in FEV1 ia at the limit, in favor of HYDROX.
Thesa resulta are comparable to the one cbsarved by Dahlback during
the Swedish dive and agrees with the puraly mechaniatic thaory (18),

MVV  in our situation doea not variea significantly, which doas
not correlates with Dahlback’a - resulta nor with the theoretical
prodictions (24). It seems that the behaviour of our divers (mainly in
subject Al) did not allowed performing correctly the teat, which may
explain this discrepancy. MVV isa a test which dependa largely on the
breathing 'puttern of the aeaubject. Obtaining reproducible reaults needs
training ~an repetition of the teat in order to choose the best value.
In the present axperiment, 1f the subject’s cooperation cannot he
doubted, it seema that thair eelf-control has not been ae astrict as in

the 1 ATA or CONFIN measurements.

IV.1., Ventilation during exercise.
It appeara from these results that in HYDROX, OE tends to be
emaller and PetCO2 ia graater than in Heliox. This can be interpreatad

as an alveolar hypoventilation.

According to the purely mechanistic theory of the limitation
to vantilation 18, 19, 20, 21, 22, 233, tha intra-tharacic
rasiastancea are amaller in HYDROX than in Heliox. Therefore, breathling
ahould be sasier, and ventilation near the physaiological limits of the

aubjects ghcould be greatar.

The exercise runs were reported by the divers less difficult
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in HYDROX than in Heliox. This iasa in agresment of Dahlback’s
obaservations at 13 ATA (25). Ornhagen reported (13) a slight degree of

narcosis in the Swediah dive.

During axercise runs without added external breathing
resistances, in - HYDROX, we obsarve a tfndancy to alveolar
hypoventilation {({VE tande to decrease, PetCO2 {8 increasad) as
'comparad to Heliox. In such a situation, the only broathing resistance
are intrathoracic, which should be lower, according to the machaniatic
theoriea of the limitation to vantilation. P.1 is identical in bath
situations. The impedance of the thoraco-pulmonary system (estimated
by the aslope of the VE versus VETI rolationship)is alightly amaller in
HYDROX than in Haliox. Mechanical ajtuation at lung level is therefore
not the causea of these results. Due to alevatad PetC02 in HYDROX, P.1
sahould hava increased. It seema that the asenaitivity to CO2 in HYDROX
has been dacraaaed. 3Such a phenomenon has already been deascribed in
rats for PHZ as low a3 8.3 ATA (29). This could be explained by a
pharmacological effect of Hydrogen on the €02 sensitive structures,.
The Swaedish team did not observe any modification 1in axercise
tolerance at 123 ATA. However, the exposure duration to Hydrogen
mixture was veary short (lesa than 1/2 h), PH2 was in the low narcotic
potency range, total W pressure was low, so that the ventilatory limit

to exertion was far from to be reached.

wWith addad axtarnal resistances, we observe the same
phenomenonsa than without resistance, but including a significant
decrease in P.l. The aultiparameter regression analyais shows that tha
actual inspiratory resistances ara of leas importance in HYDROX than
in Heliox. Thia, with the subjactive reportas of tha aubjacts and the
clinical obaervation of thelr behavior supports the hypothesis of an
hydrogen inducad narcoals, aa praviously reported for lower PHZ by
Fructus (11> and Ornhagen (12> . This narcosia diminlishes the
reactivity of the CNS (28), aven on tha vegetative aystem <(29) and,
for‘ a given combination of exercise and workload, the veantilatory
command (P.l) resulting from tha different satimuli is leaa than in
Heliox (ajituation in which HPNS may induce an hyperexcitability of the

same astructures). Even with a decreasad impedance of the respiratory
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. in the HYDROX situation, there is a decreased ventilation. It saams

tract, VE isa 1333; and a slight alveclar hypoventilation appears,
leading to increased PetCO2, Apparently, the fead-back of Petl02 on

P.1 is included in the structures implied by this narcosia.

It is questionnable if there is8 a doecrwsased ventilation in
HYDROX or an increased veaentilation in the Heliox situation 7 The
compariscn of VE and PETCO2 measuremaents without resistancesa obtained
at depth with the one obhtained at 2 ATAs (CONFIN) shows that the
Heliox eaituation ias closer to CONFIN than HYDROX ia. Thia implies that

that pressura npodifiaa the reactivity of the reapiratory ayatem (P.1l
is lower in the 2 sets of meaaurements at depth). Hydrogen depresses
this ayétom (decremaent in tha P.1/PatCO2 ralationship as compared to
Heliox) .

Witﬁ added axternal resiatances, the situation is morea
complex. It seams that in Heliox, there ia an hyperexcitability of the
reapiratory sasyateam (increased P.l1 and VE as compared to CONFIN). Thia
does not leads to alveolar hyperventilation (PetCO2 remains at the
same level). Thias increased ventilation may be a compenaatory reaction
to the dercreoased gas diffusivity at the alveclar laeavel due ta
increased gas denaity (23). The gain in alveclar diffusivity due to a
lighter gas (hydraogen) is to amall to compensate for the narcotlc

affacta of the gaa.

CONCLUSION.

. This firat Hydrogen Helium Oxygen asaturation divae to 46 ATA
gives resultse which c¢cannot be aeaxplained by the puraly m-chuhiatic
theoriea of the limitation to ventilation in hyparbaric environmeaenta.

It 1a the only known altuation in which an increaased narcotic
potency combines with a decreagsed gas density.

It aqama that the high PH2 (23 ATA) encountarad ls reaponaible
of a narcoais which can bae detectaed by the clinical ochservation of tha
aubjects. This hydrogen induced decreasaae {n CNS reactivity has
implications on the neurologic command to ventilation. Far a same
exercise and brnathing restsatance, in HYDROX, P.l is amaller than in
Heliox. Tha denaity-raelatad decreasae in thoracic impaedance {a not

sufficlient to compenaata tha decreased command, and a alight

comex
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hypoventilaticon, with increased PetC02 occurs.

It seems that the neurological modifications completely maskad
tha expectad thaeoratical benefits of tha lighter gas mixture.

It 1as queetionnable if the sane phenomencns would cccur with
lower PH2 and 1f any kind of narcosis may have the same affecta on the
respiratory systam. What 1s the optimal PH2Z2 not to he avercemed in

order to kesp the mechanical benafitas of the lighteat gaas known 7
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- /a1 -

- ANNEX -

Individual resulta of the measurements done during the HYDRA V

experimental dive (Hydrogen/Helium/Oxygen, 46 ATA, P02 = .4 ATA).

Ras $ diametar of the diaphragms inserted in both the
inspiratory and expiratory part of the breathing

ayatem.
w : actual mechanical workload impoaed (in Watts),
fc ! mean cardiac frequency (in mn-1?,
Vi : mean oxygen consumption (in L.mn-1 STPD),
VE : minute ventilation (in L.mn-1 ATP3),
ve ! tidal volume <(in L ATPS),
fr : maan breathing frequency (in mn-1),

PetC02 : mean PetC02 (in Torr,

P.1 : maan occlusion pressure (in mb),

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

Pi : mean of the avaraga inspiratory prassurssa (in mb),
Pe : mean of the avarage axpiratory pressures (iln mbl.

These results are the maan of thea values of the concearned

parametar maasured during the last 2 ninutea of 6 minutes axarcice

runs.
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W

Watts

28
105
154
210

28
108
1354
210

105
210

210

103
210

105
210

2 ATA Helliox,

sujet

ﬁl

a“

fa

mn-1

72
0
106
124

86
112
130

106
142

71
a9
124

a8
103
130

48
&7
103

66
99
143

a1
119
133
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88
126

93
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142
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=103
112

73
97
130
&4
89
139
77
118
157
60
114
97
106
144
52

1900

valumic maas at 0°'C = 0.86 g.L-1, t = 28°C

- A2

VE ve fr
<22 L mn-1
17.6 3.32 5.3
33.5 3.38 9.9
3z.8 3.35 11.3
46.8 3.54 13.2

no measursments

. 34 14.9
42.2 2.79 13.1
S4.0 2.80 19,3
30.9 3.06 10.1
48,9 32.38 14.5
8.9 1.08 a.3
18.8 2.06 9.1
35.2 2.33 15.1
7.9 1.46 5.4
18.3 3.02 6.0
32.3 4.23 7.7
10.3 .97 10.6
20.Q 2.18 9.2
6.5 2.66 18.7
13.7 .80 17.0
3%.4 2.30 15.4
S6.4 2.80 20,1
18.0 1.70 10.6
31.9 2.94 10.9
38.9 3.42 11.4
8.2 1.18 7.0
19.6 2.30 8.7
3.9 3.30 1i.0
9.8 1.70 5.6
18.9 3.60 3.3
34.1 4.40 7.7
10.3 1.48 7.0
26.0 1.80 14,1
3%.7 3.00 12.1
13.4 3.1i8 4.2
28.1 4.16 6.7
$0.8 4.72 10.8

no measurements
30.2 3.15 9.6
47.7 3.22 1la.0
10.1 1.36 7.4
29.4 3.03 9.7
39.4 2.359 11.0
6.1 1.25 4.8
17.3 2.31 6.9
23.9 2.43 9.8
8.2 1.74 4.7
19.9 3.41 3.7
35.3 3.66 9.7
11.6 1.09 10.6
15.0 2.29 7.9
33.4 2.%7 13.0

PetCD2 P.1

(3>

S4.1
60.6
6l.6
82.4

45.2
46.5
48.3
50.2

%0.4
33.0

42.0
S1.4
54.7

3z.7
S52.3
6l.6

33.8
45.6
48.3

42.5
49.7
46.4

39.9
=1l.4
60.6

42.2
93.1
S5.2

41,2
S8.4
67.6

40.2
45.4
S56.6

S0.8
67.2
62.9

a1.%

31.3
57.8

40.0
53.9
6501

39.3
S0.3
39.2

37.8
90,2
59.9

4.2
47.0
50.8
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1.8 4.1 2.
1.9 3.6 2.
1.2 .3 .
1.3 2.1 2.
1.5 2.4 3
1.7 2.8 4.
1.3 2.5 2.
1.8 3.3 3.
.4 .7 .
.9 1.4 1.
1.4 2.0 1.
.4 .7 .
<7 1.4 1.
1.3 2.7 1.
5 «.7 1.
.8 1.7 1.
1.5 3.0 1.
.6 1.8 1.
1.2 4.3 6,
1.3 13.4 49,
.7 2.8 1.
1.3 a.8 4,
1.3 15.1 9.
.3 1.2 .
.7 3.1 2.
l.a 6.3 9.
.3 1.5 .
.8 3.7 1.
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.4 1.5 .
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1.4 6.8 4.
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1.1 11.8 4,
2.1 33.6 17.
2.2 -
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.S 3.9 1.
1.2 19.9 9.
l.4 49.2 2%,
.3 1.5 1.
.7 4.% 4.
1.Q 4.1 10.
4 2.3 1.
.8 3.6 3.
1.4 195.3 11.
.4 2.3 1.
7 J.4 2.
1.4 13.8 8,
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HYDROX

W
Watts

0
105
210

¢
108
210

o
105
210

o)
105
210

i 46

sujet

Al
A2
A3
B1
82

B3
Al

"

A2

A3

-

Bl

"

B2

19

B3
Al

I

AZ

"

4.

ATA,

fco
mn-1

69
7
133

73
110
158

71
106
147

0
134
168

104
144

76
103
131

71
110
139

a7
102
160

a7
113
132

91
157

67
149
126

67
113
142

&9
109
136

as
136
134

- A 3 -
volumic mass at 0°C = 6,49 g.L-1, &t = 32°C
Vo2 VE vt fr PatCD2 Pyl Vi/td Pi Pa
<1) (2) L mn-1 (3 mb L.mn-1 mb mb
62 11.3 2.59 4.3 42.7 l.4 -] .8 .7
1.80 26.1 3.5%9 7.3 65.9 4,6 1.2 2.8 2.3
3.19 49.8 3.31 15.1 62.8 6.3 1.8 2.9% 2.7
.70 17.6 1.10 16.3 40.7 1.9 .7 .9 1.2
1.9 29.8 2.52 1il1.8 2.8 2.7 1.0 1.8 4.1
3.42 61.6 2,93 21.0 56.5 4.4 2.0 2.9 2.6
.64 12.7 1.43 8.8 46.6 1.0 .5 1.0 .9
1.78 30.1 3.1% 3.6 %8.3 1.4 1.2 2.4 2.3
3.02 46.3 3.79 12.2 65.4 6.7 1.8 3.3 3.7
.56 10.9 1,20 3.1 47 .4 1.7 .5 .9 .7
2.70 41,7 3.03 13.38 64.6 2.5 1.5 2.2 2.2
3.3% %B3.0 2.58 20.8 70.1 2.7 1.8 2.% 2.6
.32  10.6 .80 12.9 46.7 2.3 4 7 -]
2.39 39.2 3.17 11.4 59.1 2.9 1. 2.1 .1

3 2
axercice not performed due to physiolagical reasons

axercice not performad dua to psycholagical reascns

.47 12,6 3.3%9 3.7 46.7 1.7 8 3.0 2.4
1.68 28.7 3.66 7.8 60.6 4.6 1.2 20.3 8.9
2.97 42.7 2.89 1l4.8 66.1 14.8 1.6 28.4 17.2

.38 12.1 1.33 9.1 42.8 2.2 3 3.5 4.2
2.07 32.% 2.9% 11.0 33.7 8.3 1.0 16.4 28.2
3.11 44.7 2.67 16.7 65,0 18.9 1.3 35.4 e4.5

.86 12.3 1.486 7.5 38.9 1.3 «3 3.2 2.8
1.83 26,6 3.17 a.4 63.8 1.7 .8 22.8 15.1
3.04 38.6 2.39 11.4 73.9 23.0 1.4 33.5 Z9.8

.49 11.3 1.41 a.2 43.9 1.3 .3 3.9 1.7
1.93 27.3 2.34 10.7 65.7 3.1 1.0 12.5 8.9
2.78 37.3 2.26 1l6.86 72.9 2.3 1.3 21.6 17.0Q

.37 11.8 1.23 9.6 46.7 1.4 .4 3.1 -9
2.40 39.0 3.51 11.1 71.3 2.7 1.4 21.1 14.4

axarcice not performad due to physiological reaacna
axarcice not performed dus to psychological reaaons

.65 10.9 2.3% 4.3 47.0 .8 -3 6.6 2.2
1.88 23.1 3.33 7.5 68.6 9,3 1.0 20,3 10.8
2.63 34.2 3.01 11.4 69.2 1Z.9 1.4 23.5 17.0
- .47 11.3 1.30 8.7 41.7 2.1 .4 4.0 3.3
2.06 36.4 2.60 14.0 34¢.0 10.7 1.2 17.7 28.6
2.34 43.4 2.81 15.4 1.1 16.5 1.4 24.0 38.4

.48 -3.3 1.38 6.9 46.0C 1.8 -4 4,2 1.8
lL.67 23.3 3.30 7.6 62.8 6.4 .8 249.0Q 19.8
2,37 30.4 3.63 8.3 70.6 1l0.4 1.1 29.3 33.1

.42 10.6 1.23 8.3 45.8 .b .4 1.8 7
2.27 35.9 2.35 15.3 69.0 2.% 1.4 4.6 18.1
2.79 28.9 1.70 16.6 77.5 2.3 1.1 18.7 13.6

axercicaa not performed due to physiclogical reasaona

axercicaea not parformed due to psychological ressona
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Heliox

W

Watta

0
75
130

0
73
150

o
75
130

o)
75
150

- A 4
46 ATA,
aujat fc 002 OE vt
mn-1 (17 (2) L
Al 76 «29 7.3 1.46
" 92 1.29 20.9 4.10
- 139 2.04 35.0 3.33
AZ a3 .41 1%5.2 1.0%
" 99 1.32 40.6 2.68
" 133 2.62 60.4 2.95
A3 a3 .32 10.9 1.06
' 98 1.17 23.1 2.95
" 137 2.06 33.4 3.23
Al 84 .46 9.4 2.26
- 103 1.34 20.9 3.44
i 1595 2.83 41.1 2.4%
Az 77 56 16.7 1.99
" 102 2.89 42.3 2.40
" axercise not perfor
A3 o210 .76 16,9 2,19
" 117 1.27 24.2 2.74
“ 134 1.95 29.4 3.08
Al a8 .44 13.9 3.16
- 102 1.23 20.0 4.29
" 128 1.7% 27.3 3.77
A2 a3 .36 17.3 2.42
- 104 1.43 35.7 2.686
- 129 1.90 41.9 3.14
A3 76 249 9.2 1.2%
- 97 1.32 23.6 2.87
- 123 1.2 27.6 2.96

volumic mags at O0°C = 8,71 g.L-1,
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Py

t = 32°C
ve/tt Pi Pa
L.mn-1 mb mb

4 .3 .3 .5
3 1.0 2.1 1.0
2 1.% 3.3 2.0
6 .6 .9 1.2
) 1.2 2.3 3.7
6 1.9 3.6 5.9
9 «3 <9 .6
Q T .8 2.2 1.4
6 1.3 4.2 3.1
3 .4 2.6 2.3
1 1.9 17.4 7.3
Q 1.5 55.7 7.7
7 .6 4.5 3.0
5 1.4 20.1- 11.7
@ Knee)

1 .3 10.4 2.3
6 .9 18.2 9.7
3 .9 24.3 17.1
1 .56 7.8 5.5
0 9 16.7 6.9
Q 1.2 27.4 14.9
3 .6 8.0 30.8
8 1.1 17.3 47.9
3 1.4 29.4 4%.0
1 .4 3.2 2.6
4 L9 22.95 12.6
4 1.1 25.5 1%.6
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CONFIN

Rea
mm

40.0

10.0

8.0

HYDROX

Ras
mn

49.0

12.0

L1

"

- A S -
- ANNEXE 2 : INTERPOLATED VALUES -

2 ATA H8liox, velumic mass at 9°C = 0.86 g.L-1, t = 28°C

w aubject fc V02 VE vt Fr PetCO2 P.1
watts mn-1 <1) 23 L mn-1 (3) mb
110 Al 92 2.61 33.9 3.38 10.0 60.7 3.8
150 v 1095 3.02 37.4 3.3% 11.2 61.9 6.3
110 AZ 114 2.46 43.4 2.79 135.5 46.7 4.4
150 " 129 2.89 S53.0 2.80 19.0Q 48.1 4.8
110 A3 107 1.99 31.6 3.07 10.3 50.95 4.7
150 " 119 2.8 37.6 3.18 11.7 S1.4 S.6
110 A2 101 2.17 36.3 2.32 15.6 49.6 7.2
150 - 115 2.44 43.3 2.49 17.2 48.5 8.8
110 A3 120 2.0% 32.2 2.9 10.9 51.8 6.1
150 b 132 2.29 34.5 3.12 11.1 34.8 7.4
110 Al 98 2.11 29.0 4.18 6.9 67.0 9.1
150 ' 109 2.59 36.6 4.37 8.2 €5.6 7.2
110 A2 91 1.88 30.9 3.15 9.8 51.8 5.0
150 . 108 2.33 38.8 3.18 11.2 53.9 6.3 .
110 A3 120 2.01 29.8 3.05 9.8 34.0 4.5
150 o 133 2.37 33.1 3J.24 10.2 S7.8 4.3
: 46 ATA ., volumic mass at O0°C = 6,49 g.L-1, t = 32°C
W aubject f¢C vQz VE vVt Fe PatC02 PO.1
Watts mn-1 (1) (1> L mn-1 (3 mb
110 Al a9 1.86 27.1 3.58 7.6 5.8 4.7
130 - 11¢ 2.32 35.0 3.49 10,2 64.7 5.3
110 A2 112 1.4 31.1 2.594¢ 12.2 S2.9 2.8
130 " 128 2.26 41.7 2.67 15.2 S4.2 3.3
110 A3 108 1.83 30.8 3.18 9.7 38.6 1.2
130 “ 121 2.2 36.2 3.39 10.6 6l.0 3.2
110 Al 104 1.73 29.3 3.63 8.1 60.8 3.0
150 - 113 2.16 33.9 3.37 10.4 62.7 8.4
110 A2 111 2.11 33.0 2.94 11.2 S96.1 a.7
1350 - 119 2.46 37.1 2.85 13.1 359.2 12.3
110 A3 104 1.88 27.1 3.18 8.5 64.2 2.6
150 - 124 2.28 31.1 3.25 9.5 67.6 9.7
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Héliox : 46 ATA, volumic masa at ©0°'C = 8,71 g.L-1, £t = 32°C,
Res w Sujat fe V02 VE Ve PetCOZ PO.1
mm Watts mn=-1 (1) 2> L 3
40.0 110 Al 114 1.64 27.% 3.74 38.5

- 150 “ 139 2.Q04 35.0 3.33 61.8

' 110 A2 115 2.03 49.8 2.81 43.2

" 130 - 133 2.62 60.4 2.95 49.8

- 110 A3 116 1.39 28.8 3.08 34.0

” 150 “ 137 2.06 35%5.4 3.23 9.1
12.5 110 Al 127 2.1 30.3 2.98 6.4 1
- 150 - 135 2.85 4l1.1 2.4% 74.1 22.0
* A2 non calculable interpclation.
11.5 Al, A2, A3 non calculable 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 develop, 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 Fremch Navy
(Marine Rationale). Studies in the wet were performed with the G.I.S.
Physiologie Hyperbare (CNRS). The conditions of the experiments are described
in detail 4in 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 around 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 thoracic
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 wminute periods of work at moderate and heavy intensities.
The aubjects breathed either 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 varlable 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 1n
thoracic impedance were eliminated. All measurements were completed within 10
geconds of stopping work.

From the impedance wave form, cardiac stroke volume was derived using the
following equation:

SV =AL AZ/ZO

where: SV = stroke volume in ml
A = the area of the thorax derived from the circumference of the
inner 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 obtalned 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.

Monoexponential functions were fit to the rise in heart rate with
exercise and its subsequent fall with rest. From these functlons the time
constants of rise (Ton) and fall (Toff) were determined.

Wet Studies

For the wet studies, EKG was derived from the output of disc electrodes
placed on the chest. Briefly, the experimental protocol consisted 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
sesgion, 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 exerclse once a steady stdte had been reached.

RESULTS

Dry Studies

The results of the heart rate and cardiac output measurements are shown
in Tables 1 and 2 and in Figures 1 and 2. The A-team and B-team will be
considered separately because af 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 analysis of the
data showed no clear effects of resistance so all resistance conditions were
lumped to 1llustrate 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. Subfiect B2 performed a low level of exercise and subject B3 was
unable to perform at all. Restlng heart rate was elevated in B-Team 1in 450 m
hydrox when compared to the 10 m heliox contrel. This 1is in contrast to the
slightly lower values seen in 450 m hydrox in A-Team. The data contalned mare
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 cardlac output responses to exercise. As shown in
Figure 2, however, 1t 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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Both A~ and B-Team members showed a normal supraventricular rhythm on EKG
under all conditions tested. For the most part, this was clearly
distinguishsble 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 arrhythmia)
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
isclated 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 arrhythmias 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 worklcocad 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
suitable for analysis, no arrhythmias were seen.

CONCLUSIONS

The A-Team was capable of performing very hard work in hydrox at 450 m.
The incresses 1in heart rate and cardiac output with exercise were appropriate
to the work load and no significant arrhythmias appeared. The absclute 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 claser 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 wmeasurements at
450 m were not available for comparison 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. No significant cardiac arrhythmias
appeared.

All wewbers of B~Team were able to perform exercise in the wet environment

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 =0 R=2 R =3
Work . Work . Work .
Condition Subject Load HR Q Load HR Q Load HR Q
10 o Al 0 68 6.68 0 B4 7.40 0 70 7.68
heliox 105 86 11.00 105 97 11.49 105 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 83 11.49 105 94 13,13 105 g6 131.89
154 100 1I1.79 210 142 * 210 133 15.80
210 139 12.76

A3 0 82 7.44 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 * 210 152 *
- 450 m Al 0 71  6.98 0 86 8.05 Q 80 8.15
heliox 75 87 11.12 75 101 12.46 75 a7 11.72
150. 131 17.22 150 141 Note 1 110 124 16.00
A2 0 T 7.82 0 74 B8.09 ¢ 82  7.49
75 91 13.88 75 101 * 75 102 12.82

15¢ 151 * 150 Note 2 110 123 *
A3 0 79 6.02 0 84  8.30 ¢ 72 6,42
75 92 9.13 75 110 12,01 75 96 11.94

150 131 * 116 128 * 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

A2 0 67 8.00 ¢ 67 7.91 0 65 7.94
105 104 15.43 105 108 12.87 ids 10l 14.85
Z10 152 19,53 210 148 18.11 154 142 19.00

Al 0 67  6.34 0 64 4.55 Q 63 4.00
105 102 7.92 105 99  B.15 1a5 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 = cardliac 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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Condition Subject

10 m Bl
heliox

B2

B3

450 m Bl
hydrox

B2

B3

R=20 R =2 R =3
Work Work . Work .
Load HR Q Load HR Q Load HR Q

0 66 8.42 0 65 8.30 0 62 8.65

75. 86 13,11 75 85 13.0% 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 (] 85 7.88
105 126 * 105 110 12.99 105 131 15.33
210 160 * 210 144 * 154 148 *

0 101 7.02 -0 g8 6.68 0 - -
105 140 14,12 105 150 * 145 - -
105 163 20.05
210 - - 210 - - 154 - -

Q 96 5.92 0 - - 4] - -
105 - Note 1 105 - - 105 - -
210 - - 210 - - 154 - -

TABLE 2. Cardiovascular Responses of B-Team

Work load in watts; HR = Heart Rate in beats/min; Q = cardiac ocutput in L/min;
- indicates experiment was not performed; * indicates data unsatisfactory for
analysis; Note 1 - stopped work at 1 min 50 sec; Subject Bl performed the 105 ¥
wotkload twice at 450 m,

R=Q,
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Depth Resistance Workload Arrhythmia
Subject (m) Gas Condition (W) Type Number
Al 450 Hydrox 3 154 VEC 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 SVPC 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.
Subiect 10 m heliox 450 m heliox 450 m hydrox
Ton Toff “on Toff ‘on:  Toff
Al 0.86 0.54 2.20 0.85 1.24 1.32
A2 0.53 ¢.73 0.65 1,09 0.95 0.76
A3 .96 (.73 1,36 1.40 1.29% 1.22
Mean 4.78 Q.67 1.40 1.11 1.16 1.10
SEM 0.13 G.06 0.44 0.16 0.11 0.17

TABLE 4. Time constants (min) for rise of heart rate with heavy

exercise and subseguent fall with rest. A-Team, no
added respiratory resistance.
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breathing Hydrox.
sequentially,

Workload
0 10 kg 15 kg 15 kg 15 kg
_ no no
Subject resistance resistance resistance
Bl 76 a8 90 110 120
B2 77 91 96 96 a7
B3 90 88 98 93 96
TABLE 5. Heart Rate Responses in B-Team to exercise in water at 450

The workloads indicated were performed
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Figure 1. Cardiovascular responses tc exercise in A-Team.
All resistance conditions are included.
Vertical bars indicate 1 standard error of the mean.
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HYDRA V
RESPIRATORY STUDIES IN THE WET

G. IMBERT -~ COMEX, Marseille/CIS~CNRS, Marceille
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During the Hydra V experimental dive at Comex, a cooperative team
C.N.R.S5 - U.S5. NAVY (G.I.S. de Physioclogie Hyperbare and Naval
Medical Research Institute), was in charge of studying the vres-
piration of a ternary hydrogen-helium-oxygen mixture (hydrox) in
divers exercising underwater at 450 m simulated in a webt pot (*).

1. JECTIVES

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 an 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 physioclogical techniques. Hence, during Hydra &

- the divers c¢ould not be asked to produce sustained efforts
in order to determine the maximal power of exercise (as
might be passible 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 tc hydrox, as primar-
ily envisionned in the Hydra 5 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 periods 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
Biologiques 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 values 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 LANGQUET
B3. Jean-Pierre MACCHI

Table 1 presents thely characteristics.

Table 1 : SUBJECTS® CHARACTERISTICS

(Team B)
Bl B2 B3
Height (m) 1.76 1.78 1.72
Body mass (ka) 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 :
- 1inspired gas (liter BTPS/min)
- 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) Measuring devices

Muscular movements

The diver was asked to perform 20 or 25 arm strokes per
minute, according to a rythm set from the ceontrol panel. This
needed the transmission of the rythm, and the monitoring af the
effective working performed by the subject. - The control 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 by 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 also 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 "NQUS“ (= 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 "“TQIL"
(= 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.
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Figure 2. RESPIRATORY CIRCUITRY AND THE MEASUREMENT OF
PULMONARY VENTILATION UNDER WET CONDITIONS.

Arrows show the circuit af the respiratory mixture from the
high pressure cylinder, in which it was prepared, up ta 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 tec 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 locop 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 i3 analyzed on line for 02 its content
{fuel cell). Finally 1t is directly exhausted in sphere 2, the
pressure of which is maintained at 46 bar (that implies a caons-
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 mixture, 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 to a mass spectrometer. The end-
expiratory carbon dioxide fraction 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 tc 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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b) Data acquisition system

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 13 specially designed for scientific
experiments, because it can be easily moved from a site to
another, and ordinarily used in most envirconmental conditions.

The software for Hydra S was developed by the Bio-engineering
Branch of the Hyperbaric Medicine Program Center (program FRANCE
written in FORTRAN) ; it allows :

1.

To c¢ollect in Parallel voltage signals (0 tao S Volts),
delivered by up to 10 different channels ;

To convert them to digital signals (0 to 2047 A.D. units
for a voltage change from O to 5 V) ;

To display them graphically on a scope, each sequence cor-
responding to a 8 second sample for one channel at a time,
and consisting in 240 successive discrete values.

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 an an 8-inch
floppy disk (900 blocks), with still available space for
recard labelling, and calibration data.

To access to the stored data, by reading the floppy disk aone
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 medified at need, for each single signal, following
the experimenter’s various requirements.
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2.3. Procedures.

Measurements under wet conditions at 4%0 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 1% kilogram load

3) & 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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Table 2 : GAS ABSOIUTE DENSITIES AT 450 m (BTPS)*

' ! { ! ! o !
! Fractional concentrations ! ! ! ! Absolute density! Air equiv. !
! ! M | A Ctot ! g/LBTPS ! depth !
' 02 ¢ He t H ! M2 ! g/mol ! ! m0l/rpppg ! ¥ incertitude ! !
t ' ! ! ! ! ! ! ! !
i ! ' ' e ! ! ! ! ' !
' HYDROX 54 #H2 ! 0,009 ! 0,441 ! 0,50 ! 0,000 ! 347 ! 1,024 ! 1,743 ! 5,5 *0,05 | 39 m !
! ' ' ! ! ! ! ©o VT Tt !
! HELIOX Y 0,009 ! 0,991 t 0,000 ! 0,000 ! 4,25 ! 1,021 ' 1,748 ' 7,46 *0,04 55 m '
! ' ! ! ! s ! ! ! ! !
1 TRIMIX $ 0,009 ! 0,941 ! 0,000 t 0,050 ! 5,45 ! 1,020 ! 1,749 ! 9,56 0,4 ! 74 m !
! ! y ! ! ! ! ! ! ' !

*P02=4(1')mbar

IRGEND : M = average molecular mass
yA compressibility factor {(no dimension)
Ctot = total molecular concentration

]
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3. RESULTS AND DISCUSSICN

The data have to be examined from 3 different standpoints

- from the biog-engineering standpoint, i.e. the feasibility
of recording valuable data from submersed divers ;

- from the ergonomical standpoint, i.e. the divers’' perfor-
mance at 450 m of simulated depth, breathing hydrox ;

- from the physiological standpoint, i.e. the analysis of
biological variables which we were able to record.

3.1. Bio-engineering data

Physioclogical data must be recorded without encumbering the
diver or hindering the normal use of the diving garment. The data
from Hydra S, as well as from Hydra ¢, 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 praved to be insufficient at 450 m,
after a few hours of submersion under pressure. Colls have to
be coated with a more water repellent material than neoprene
rubber is, bee wax for instance. It appears alsc 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 tao an average flow, the gquantity to be
measured. In fact, we observed a biphasic signal, with a peak
corresponding to inspiration, immediately fcllowed by a negative
wave, approximately equal in amplitude (figure 3). This signal
may be reproduced with a wventilatory pump, if this pump is pro-
grammed for triangle-shaped cycles (i.e. input and cutput flows
approximately constant). A triangle is assumed to be closer to
the normal shape of a breath than the sinusocidal 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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S0mV

30sec.

Figure 3 SIGNAL DERIVED FROM THE MASS FLOWMETER AT 46 BAR

Each sequence correspands 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¢/unin,
"£idal volume" = 1.85 liter, triangular shape).

(Note the negative wave which seems to indicate a back £low
in the intermediate pressure circcuitry)
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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 ia
a gas flowing back at the precise moment where inspiration stops,
that is when the demand valwve 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 ta
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 5 dive, it was in free
communication with the helmet gas. The first configuration was
probably Dbetter, because mouth pressure recordings were not as
goed in Hydra 5 as they were in Hydra 4.
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b) Positive data
Computerized acquisition techniques.

The reliability of computerized systems for recording
physiological information is often questioned. 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
purposes,

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, Ergonomical datas

All three divers performed the runs that were requested,
whereas diver BZ 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 B] 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)

17:24 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

May 1B,

122 minutes.

1985.

Water temperature : 329C

08:15
09:22
09:48
10:24
10:30
10:49
10:55
11:00
11:11
11:17
11:33
11:41
11:50

start dive preparation

diver gets dressed

diver enters water

run on the arm ergometer (10 kg load)
stop exercising

run on the arm ergometer (15 kg load)
stop exercising

change in UBA setting (increased resistance)
run on the arm ergometer (15 kg load)

stop exercising, UBA returned to normal setting
run on the arm ergometer (15 kg load)

quit exercising

end of the dive

Overall duration of exercise on arm ergometer : 25 minutes.

Diver B3

May 18,

123 minutes.

1985,

Water temperature : 31°C

15:10
15:52
16:20
16:43
16:49
17:03
17:09
17:18
17:42
17:48
17:58
18:11
18:23

start dive preparation

diver gets dressed

diver enters water

run on the arm ergameter (10 kg leoad)

stop exercising

run on the arm ergameter (15 kg load)

stop exercising

change in UBA setting (increased resistance)
run aon the arm ergometer (15 kg load)

stop exercising, UBA returned to normal setting
run on the arm ergometer (15 kg load)

quit exercising

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

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 quitting

Breathlessness or dyspnea was never the reason for quitting the
exerclse in the last run. All divers reported to be far from
reaching thelr ventilatory limits, as well as the U.B.A. maximal
capability to supply gas with a reascnable breathing comfort. The
reasons argued for quitting were arm or hand pain (B2, B3), or
boredom (Bl, 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 S give the observed data

Run

Rest

Exercise

Run

Rest

Exercise

Run

Rest

Exercise

Table 3 PULMONARY VENTILATICON DIVER Bl
1 2 3 4
VE (1l/min) 10.4 14.9 17.0 17.5
VT (1) 2.3 2.4 2.2 2.5
fR {(c/min} 4.5 6.2 7.7 6.9
VE (l/min) 28.1 29.3 30.0 38.8
vT (L) 2.3 2.7 3.0 2.7
fR (c/min) . 12.3 10.9 10.0 14.
Table 4 PULMONARY VENTILATION DIVER B2
1 2 3 4
VE (1/min) 18.5 i4.2 13.8 14.1
VT (1) 3.0 2.2 2.6 2.9
fR (c/min) 6.2 6.6 5.3 5.6
VE (l/min) 27.7 31.7 31.0 31.5
UT (1) 3.3 3.4 3.5 3.8
fR {(c/min) B.3 9.3 B.9 8.3
Table S PULMONARY VENTILATICON DIVER B3
1 2 3 4
VE (1l/min) 14.5 14.9 20.9 20.72
vT (1) 2.3 2.3 2.5 2.5
fR (c/min) 6.2 6.4 8.4 g.1
VE (l1/min) 21.0 28.9 38.1 36.3
T (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 nin average. (3rd, 4th, Sth and last minutes of exercise)
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b) respiratory equivalent of oxygen

It can be shown that :

where ERo?2 is the
R
T
“P({I-E)o2

The average values computed from

Bl
B2
B3

W n

ERo2 = RT / "P(I-E)o2

respiratory equivalent of oxygen (l/mmol 02)
the ideal gas constant (0.083 l.mbar/mmol.K)
the temperature in the lungs (310 K)

the oxygen pressure difference between the
explired and the inspired gas (mbar)

0.47 l/mmol Q2
0.44 1l/mmol 02
0.59 1/mmol 072

“P(I-E)Yo2 are

(21 1
(20 1
(26 1

BTPS/1 STPD 02)
BTP5/1 STPD G2)
BTPS/1 STPD 02}

Observed values were not different at rest and exercise.

¢) o e naumpt

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
Average over 40 min 1.3 1.3 1.0 1.2
Minimal value (rest) 0.5 0.6 0.5 0.9
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
as long as the diver wants to or feels capable).

Observed values rarely were in excess of 50 Torr ; this éeems
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 S0 Torr ; this seems to indicate that
there was no carbon dioxide retention during exercise.

4. CONCLUSION

During the Hydra S 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 values
for heliox at equal depths were available. This limits the con-
clusions which may be obtained from this experimen*:. However, we
can make the four following points

12) 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 underwater was in excess of 25 1l/min, i.e.
corresponded to the average value commonly observed during under-
water work. Gilven the same conditions for an underwater task an
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 ta
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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MASUREL G. GUTIERREZ N
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HYDRA V DIVE

ULTRASONIC DETECTION OF CIRCULATING BUBBLES
COUNTERDIFFUSION PHENOMENON DATA
COMPARISON BETWEEN DECOMPRESSIONS WITH HELIOX AND HYDROX

MASUREL G GUTTERREZ 8

1. = PURPOSES

As far as we are concerned the HYDRA V dive axperimentation was
organized with the purpcses as follows :

- on the one hand, to verify some hypotheses based on results of
previous experiments, mamely that :

- hydrogen is not toxic at the used partial pressure,

- mixing hydrogen with a diluter may reault 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 o the other hand to evaluate :

- the increased ventilatory energy obtained at 450 msw with the
hydrogenated mixture as compared with the helicx amixture
(ENTEX IX) and the mixture containing 5 % nitrogen, dives :
79137, ENTEX 7, ENTEX IX. '

« the importance of the counterdiffusion phenomenon when switching
back to haliox before decompression.

A limpited counterdiffusion would enable divers working at the bottom to
u3e hydrox sequentially through a narghile. This would extend their
operational limits without modifying the usual diving methods.

2. = MATERTALS AND METHODS

2.1 = Nature and conditions of hydrogen exposures

The initial experimental protocol spacified that each diver
group was to be exposed to hydrox to perform exarclises in dry
environment. When the A group of divers returmed te heliox, then
the B group was to be compressed and exposed to hydrox to do
axmrclses in dry environment. :

*Centre d'EBtudes et de Recherches Techniques Sous-Marines
D.C.A.N. 83800 TOULON-NAVAL
Chemistry - Biology and Toxicology Department (MC GIACOMONI).
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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 was planned as the A group of divers completed all
the tests ; this group would then be returned to heliox in order
to wait for the B group to complete the tests in hydrogen
environment, Both groups then Jjoined together in the final
decompreasion with heliox.

Later on the course aof events compelled us to modify this
experimental protocol.

2.2 = Divers

It should be remembered that the A group of divers was composed
of divers selacted for their taking part in a previoua experimen-
tal dive at 450 msw, and whose results could be taken as refaren-
ces., The 3 divers of the A group, were all quite experilenced
divers. The A1 diver had previously 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 H-hour axposure to
hydrogen, whereaa one of his fellow divers showed a high bubble
grade after only 4 hoursa of exposures (ref, to 2006 CERTSM 84).

The B group comprised 3 divers of different origin :

Diver B1 - although he was a deep diver - was perfobming hiz
firat experimental deep dive below 300 maw. Diver BZ had already
performed deep dive (ENTEX V). A3 for diver B3 this was the filrsat
time he took part in an experimental deep dive.

2.3 -~ Bubble detectors

The bubble datectors used during the dive were our laboratory
detectors of the DUG type, 1.e. optimized prototypes. One such
detector was placed in the life compartment, a second one in the
transfar compartment, and a third one in the final decompression

chamber.

It is worth noticing that the detectorsa’ operation was modifled
neither by pressure nor by the presence of hydrogen. Only a
conaiderable reduction in battery life was to be aobserved as
compared with battery life during a similar experiment in helium
environment.
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2.4 -

As usual, the Doppler signals were systematically recorded in
chronological order on magnetic tapes and caasettes, so as to
group the reaults of each diver.

Methodology

Each circulating bubble measurement sequences included as
follows : a precordial detesction, 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
cne-minute time interval. Bubble grades were eatimated according
to the KM code (1).

The measurements also included bubble detection on each femoral
vein and, whenever poasible, 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 probes on each relevant site.

When switching from the 55 € hydrogen 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 diversa’ arrival in chamber C) at 30 %
from chamber (1) at 55 § hydrogen. Measurements were then made
every hour over a S5-hour period. :

Likewlse, as regards the switch from the 30 % mixture in cham-
ber (:) to the 0 9 mixture in chamber C) , we applied to the
A group the axperimental protocel requiring a detection an the
diver'a arrival 1in the chamber and then every hour far the
subsaquent four hours. .

We shall describe and account for protocol modiflications when
diacussing experiment reaults.

In accordance with a now well-~established protocel, three detac-
tions per day were planned during final decompression, namely
one measurement in the morning on the subject's waking, cne at
2 p.m, and one at 9 p.m.

¢1) KISMAN (K.E.), MASUREL (G.), GUILLERM (R.)
Bubble evaluation code for doppler ultrasonic decompression data.
Abstract published in Undersea Biomedical Research, supplement to vcl.
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 phenomencn 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, switching from the 30 % hydrogen mixture to the 0 %
mixture eight hours later resulted in an immediate production of
circulating bubbles. Within 3 Minutes after gas switchover,
diver A2 exhibited grade 2+ bubbles at rest and grade 3 bubbles
during movements, together with itching legs and torso. He
simultaneously felt sick, dizzy and shivering as a probabdble
result of the HPNS effect of helium. This diver also felt tired
cut.

In diver A1 stich a phenomenon was tolerated better. As regards
diver A3 he was not very much troubled. He only felt some
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 mask., 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 2% minutes. He also took 1 g of Aspirin.

As for diver A3, who known to be a bubble-producing subject
during decompressions from saturation, he did no langer exhibit
any syaptoms.

5 hours and 30 minutes after return to heliox, divers A1 and A2
ware made to breathe through a mask.
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6 hour and 20 minutes after return to heliox atmosphere, the
itching 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
60Q mbar.

T hours after return to heliox atmoaphere, 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.

5 mg of Valium and & mg of Polaramine were succeasively 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
counterdiffuaion 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 U450 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 U450 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
¢onstant 45 min/m profile up to 15 maw from the surface and
60 min/m from 15 msw until surfaeing 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 maw,
24 % between 15 and O msw.

Results of the circulating bubble ultrasonic detection performed
during decompression are listed in Table II in Figures 2 and 3.
It can be noted that the first bubbles occured very early, at 425
maw, both in diver A2 who produced the greatest number of bubbles
during the switeh from hydrox to heliox, and in diver A3 who
axhidbited no bubbles at all during gas switching.
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The bubble production remained quite low up to 280 msw, 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 maw. Diver A3 even
produced grade Y- bubbles at 38 maw on one occasion : this bubble
grade then decreased. Afterwardsa, A1 and A3 exhibited a slight
dbend at 1,3 maw from the surface. This bend was treated by
recompreasing the divers to 4 msw, supplying them with oxygen
through a mask on three different occasions, and preacribing
1 tablet of Aspeglc 10Q0.

Decompression with hydrox

Even before c¢ounterdiffusion incidents occured among the divers
of the A group, it had already been decided to decompress the
divers of the B group in a hydrox atmoaphere, on account of their
behaviocur which was apparently free from any trouble in hydrox
environment.

Subsequently, the advéntage of decompressing the 2nd group in
hydrox environment was confirmed by results obtained with the

A group.

We had then to choose between two solutions as follows :

-~ alther decompresasing and gradually removing hydrogen to return
to 200 maw in heliox atmosphere,

- or decompressing normally in hydrox atmosphere to 200 maw and
then switching gases according to the same methods as at
450 maw.

It seemed to us that the first solution would prabably be the

leaat 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 decompressaion. In addition to this uncertainty it should be
mentioned that the decompression metheds to be used in hydrox
environment are not well known yet. Everything conaildered, we
selacted 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
Hz 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 msw,
- up to 55 min/m from 250 to 15 msw.

For convenience' sake and not for the 3ake of necesaity, the
decompression rate was then reduced te 90 and 120 min/m between
15 maw and the surface (Figure 2).

The PiCO, was kept at 500 mbar between U450 and 100 msw, at
600 mbar Trom 100 to 15 msw, and then at 24 % up to the surface,.

Results of the circulating bubble detection carried out during
decompression are listed in Table III and in Figures Y4 and 5.

When analyzing these data, it appears that bubbles occured later
in the B group than in the A group, that i3 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 poasible to Increase its rate sooner. It seems
that a decompresasion rate of 50 min/m would be a good compromise
likely to ensure safe decompresaion with both gas mixturea. I&
would alsg have prevented A3 from suffering bends.

It is worth noticing that hydrogen decompression rates do not
appear radically different from those of helium. A decompresaion
rate of the same order for two gases as different aa helium and
hydrogen ( sea Table IV) would be a factor in favour of perfusion
as a decompressalon limiting element. -
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Ostwald' solublility coafficient at 37° C
Atomic in m1/1
Gas
weight
Water 011 Blood Musele
H2 2 18 b9 18 17
He 4 10 17 10 12
Nz 28 14 73 18

Solubility of inert gases in biological fluids and tissus : a review.
WEATHERSBY P.K. HCMER L.D.

Undersea Biomedical Research 7 (4) 277-256 ( 1980).

NOTE : We choose for each case mean value {rom the rsfergncies.

TABLEAD IV
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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) occupylng separate hyperbaric chambers. The following parameters
were studied :

- Usual biological factors (ocounts, picture)

- Usual biochemical factors

- Muscular enzyme release due to cell injury

- Hydroelectric metabolism

— Endocrine exploration (adrenal and thyroid hypophyseal axes}

CONCLUSIONS

Analysis of the measwrements made during the HYDRA V experiment 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 Conn'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.
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THE EFFECTS OF THE DIVE ON LUNG CAPACITIES
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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 pulmonary function :

1) Vital Capacity (W) in LBI‘PS
2) Forced Expiratory Volume in 1 second (FEV1) in LBTPS‘S-l
3) Maximum Expiratory Flow Volume (MEFV) in LBTPS'S-I
. =1
4) Maximal yoluntary Volume (MVV) in Lorpg-min.
5) Carbon Monoxide Diffusing Capacity of the Lung (DLOO) in
-1 -1
mlSI'PD‘m‘ .torr.
6) Carbon Monoxide Diffusing Capacity per liter (DLCO.VE_l) in
- -1
mlSTPD.torr. l'LB’I'PS
CONCLUSTONS
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 rigorousness of the living and working conditicns enabled cne of the
divers to recover from the activities he had been engaged in before
HYDRA V.

comex -
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DIVER Al

Age (years) : 40
Height (m) : 1,89
Welght (kgs) : 88
Body surface (square meters) : 2,15

Vital Capacity (CV) in LB‘I'PS :

Pre-dive : 6.32

Post-dive : 6.28 (compared with pre-diwve) = - 0.6 %)
Forced Expiratory Volume in 1 seoond (FEVL) in LBTPS'S-I:

Pre-dive : 4.15

Post-dive : 4.10 (compared with pre-dive = - 1.2 %)
Maximm Expiratory Flow Volume (MEFV) in LB‘I‘PS'S-l :

Pre~dive : 2.45

Post-dive : 3.93 (compared with pre-dive = + 60.4 %)
Maximal Voluntary Volume (MVV) in LB'I'PS'min'-l :

Pre-dive : 196

Post~dive : 208 (compared with pre~dive = + 6.1 %)

Carbon Monoxide Diffusing Capacity of the Lung (DLCO) in mlSTP

.tDrr._1
Fre—dive : 24.1

Post-dive : 32.2 (compared with pre-dive = + 33.6 %)

min -1
D" .

Carbon Monoxide Diffusing Capacity per liter (DLCO.VE-l) in m]‘STP torr

_1 _1 -
- Dpypg
Pre-dive : 4.02

Post-dive : 3.35 (compared with pre-dive = - 16.7 %).

D

camex
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DIVER A2
Age (years) = 35
Height (cm) = 183
Weight (kg) = 80

Body surface (square meter) = 2.O2m2

Vital Capacity (CV) in LBTPS

-
.

Pre-dive : 5.53

Post-dive : 6.05

(compared with pre-dive® = +9.4 %)

-1

Forced Expiratory Volume in 1 second (FEV1) in LBTPS'S

Pre-dive :
Post-dive :

(compared with pre-dive = - 1.1 %)

-1

“r
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Maximm Expiratory Flow Volume (MEFV) in LBTPS'S
Pre—dive : 1.91
Post-dive : 2.02  (compared with pre-dive
Maximal Voluntary Volume (MVV) in LBTPS.min._l :
Pre-dive : 192
Post-dive : 202 (comparert with pre-dive

[Wai
3]

Carbon Monoxide DiffusingCapacity of the Lung (DLOO} in mlSTP

.torr.“l :

Pre-dive : 21.0
Post-dive : 20.6  (compared with pre-dive

Carbon Monoxide Diffusing Capacity per liter (DLCD.9. 1) in ml

-1
-« LgppgTl

Pre-dive : 2.10

Post-dive : 226 (compared with pre-dive : + 7.6 %)

camex
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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 Larps

.
-

Pre-dive : 6.25

Post—dive : 6.21 (compared with pre~dive! = - 0.6 %)
Forced Expiratory Volume in 1 secord (FEV1) in LBTPs'S_l

Pre-dive : 5.01

Post—dive : 4.92 (compared with pre-dive = - 1.8 %)
Maodimm Expiratory Flow Volume (MEFV) in LBTPS'S-l :

Pre~dive : 4.81

Post-dive : 4.85  (compared with pre-dive = + 0.8 %)
. =1
Maximal voluntary Volume (MWW} in L‘B'I'Ps'mn'

Pre—dive : 172

Post-dive : 208 (compared with pre—dive = + 20.9 %)

It

Carbon Moroxide DiffusingCapacity of the Lung (DLCO) in mlSTPD‘min'-l

storr.
Pre-dive : 25.7
Post-dive : 26.4 (compared with pre—dive = + 2.7 %)

Carbon Monoxide Diffusing Capacity per liter (DL(I).VE_I) in mlSTPD.torr
-1
-+ Iprps! .

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 LBTPS .

Pre-dive : 5.60

Post-dive :5.67 (compared with pre-dive!

Forced Expiratory Volume in 1 second (FEV1) in Lymne-S

Pre-dive : 4.16

Post—dive : 4.04 (compared with pre-dive = ~ 2.9 %)

Maximum Expiratory Flow Volume (MEFV) in I‘B‘I’PS’S-

Pre-dive : 3.11

Post-dive :2-91  (compared with pre-dive

Maximal voluntary Volume (MVV) in LBTPSmln

Pre-dive : 154

Post-dive : 179 (compared with pre-dive

Carbon Mornoxide DiffusingCapacity of the Lung (DLOO) in

.torr.-l :

Pre-dive : 1354

Post—dive : 22.4 {(compared with pre-dive = - 36.2 %)

m]“S’I‘PD :

min.

Carbon Monoxide Diffusing Capacity per liter (DIm.VE—l) in ml .torr

-1
oLyt

Pre~dive : 3.38

Post-dive : 3.40 (compared with pre—dive

STPD

coOmex
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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 L‘BTPS ]

Pre-dive : 5.40
Post-=dive : 5.83 (ocompared with pre-dive' = + 8 %)
Forced Expiratory Volume in 1 second (FEV1) in LBTPS.S‘l
Pre-dive : 4.09
Post-dive : 4.55 (compared with pre-dive = + 11.3 %)
Maximm Expiratory Flow Volume (MEFV) in LBTPS.S'l :
Pre—dive : 3.48
Post-dive : 4.10 (compared with pre-dive = 17.8 %)
-1
Maximal vVoluntary Volume (MVV) in LB'I‘PS'mn'
Pre—dive : 139
Post-dive : 174 (compared with pre—dive

I

+ 25.2 %)

Carbon Monoxide Diffusing Capacity of the Lung (DICO) in mlSTP m:i_n._1

.
.torr. 1 '

Pre-dive : 24.7
Post-dive : 34.6 {compared with pre-dive = + 40 %)

Carbon Monoxide Diffusing Capacity per liter (DLm.VE_l) in ml .torr

STeD
-1 _l
© tarps7! .
Pre-dive : 2.36
Post-dive : 3.79  (compared with pre~dive : + 60.6 %)

comex
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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 Loope .

Pre-dive : 4.77
Post—dive : 4.84 (compared with pre-dive' = + 1.5 %)

Forced Expiratory Volume in 1 second (FEV1) in LBTPS'S
Pre-dive : 3.57
Post—dive : 3.68  (ocompared with pre—dive = + 3.1 %)
Maximm Expiratory Flow Volume (MEFV) in I“BTPS'S-I :
Pre—dive : 3.30

Post-dive : 2.49  (compared with pre-dive = + 5.8 %)
. ) .=l

Maximal Voluntary Volume {(MVV) in L‘B'I'Ps'mn' :

Pre—dive : 177

Post-dive : 169 {compared with pre—dive = - 4.5 %)}
Carbon Monoxide DiffusingCapacity of the Lung (DLOD) in mls,mo.mn.'l
orr. b '

Pre-dive : 23.9

Post-dive : 21.0 (compared with pre-dive = - 12.1 %)

Carbon Monoxide Diffusing Capacity per liter (DI.Q).VE-I) in ml .torr

-1
o lprpgTt
Pre-dive : 3.19
Post-dive : 2.30 (compared with pre~dive : - 27.9 %)

STPD

comex
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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 ¥e 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 out 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 occur during the dive and which will show up as hyperfixa-
tions. The exertion test with Thallium 201 injection cambined with ECG is
used to eliminate any possible latent coronary 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.

comex
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Odorous properties of some gases in hyperbaric atmosphere
P. LAFFORT* and C. GORTAN**
#| aboratoire de Physiologie de la Chimioréception, C.N.R.S.,
91190 Gif-sur-Yvette (France)
**COMEX S.A., 36 Boulevard des (Oceéans, 13275 Marseille-Cedex 9 (France)

The unique demonstration of an olfactory perception at hyperbaric
atmosphere, for gases inadarous at normal atmosphere, was made by #P.
Laffort (Thesis, Paris-Orsay, France, 69 p., 1966 ; and in Theories of
odor and adar measurement, N. Tanyolag ed., Maidenhead, U.K.,
Technivision, 247-270, 1968) (1). Nevertheless, two difficulties arose
with this Fformer 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 ouE in a range of 2-23 ATA, 1in
atmosphere of heliox (helium + oxygen), at 30°-2°C {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 b Lliter
water capacity bottle, identified by code names. The odourless contral was
constituted by a third bag filled with helium. The experimentatian was
completed by a measure at normal atmosphere with 9 other subjects.

fFrom '"odorous" and "odourless" responses, a dose-response cCurve was
obtained entirely for methanme 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, con be considered as negliqible at  thege
pressures. [he lowest pressures for which the two gases were olfactorily
perceived with 100 % of positive responsces are 6 and 13 ATA, respectively
for krypton and mcthane. According to the terms uscd by the divers, the
odour quality of the two studied gases seems of "chloroform  type, with,
in addition, an "irritating” touch for kryplon and a "refreshing” one for
methane. From several considerations, 1t can be assumed that the sensation
induced by methane and krypton is olfactory and not gqustatory 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 tatal
pressure. The results obtained demonstrate the existence of ¢lfactary
sensitivity for these substances known as inodorous. Moreover, planning
structure-activity relationships, it is possible, by this way, Lo know the
olfactory thresholds of small molecular weight compounds (for example,
human thresholds of n-paraffin were known in a range of C2-CI8 till now).

{1) E.M. Case and J.B.S. Haldane (Nature, 148, 84, 1941) faund, by tatal
immersion of the subjects in the gases to be studied, a metallic sapidity
for oxygen and nitrogen, respectively at 8 and 10 ATA (sbsalute
atmospheres).
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OPHTALLMOLOGICAL MEASUREMENTS
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INTRCDUCTION

On HYDRA V occasion, an ophtalmologist was integrated into the scientific
team of an experimental dive for the first time at COMEX.

A fairly complete range of ophtalmological and neurc-opthaimological 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-

sing at times, should be oconsidered with care, compared with those of other

speclal fields, checked during hydrogen dives or more classical ones in order

to define variation factors better.

We will study :

H

relations between ophtalmology and experimental and professional diving,
measures realized in Martigues Ophtalmological Centre (MOC),

chosen tests and means used to carry them out,

experimentation. results,

possible oconclusion,

and we will try to anticipate in which direction future research should
ke done.

=~ OPHTALMOLOGY DURING EXPERIMENTAL AND PROFESSIONAL DIVING

1) why Ophtalmology ?

Sight being orne of the senses, one can wonder whether :

- enviromental perception is modified as far as visual acuity or visual

field is oconcerned,

- 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

50

: sensorial modification and efficiency, anticipation of accident at work

risk, but also from a neuro—opthalmologi_cal point of view, achievement of
additional results.

A

2) Ophtalmologist and experimental diving

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 knornw one another for many years whereas his special field is not
well known.

He must understand divers in their reactions and through a vocal deocoder,
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 cbserve the diver, especially his corneal reflex and therefore his
fixation. His woice 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.

S0, luminosity on the tests table was 400 Lux 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 conditicons

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 pracdtice, our
knowledge cf 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 OPHTALMOLOGICAL CENTER (M.G.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 examihe
retinal fundus periphery seems to have affected the divers, because of its
average of 18 hours remanence.

Fach battery 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 (22) 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-
ocorrected hypermetropia.

No glaucomas were found.

In the ocular fundus eye, a tendency to an increase of the minimum opthalmic
artery pressure and to a retinal arterial narrowing, among divers who were
examined, is noticeable; finally one man {Al} shows scme modifications in

the retinal periphery.

11T - TESTS USED

- Visual acuity was measured according to SNELLEN and ROSSAND-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 avold 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 excphoria,
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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 dicptries respectively.

- Color tests were carried out with the FARSWORTH 100 HUE.

This test, which is time oconsuming 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 achieved 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 ¢m 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 carrled out on each diver 5 times, except for the
mesopical vision which would have been too tiring as far as time is concerned
because of the time required to dark adaptation for the vision of ocolours
during the fifth test,since teamBwas 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 ocut to be sufficient to Set un and
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 ocomplicated marking system of the R.W. chart. Never-
theless, minimum distancss of clear near vision, always below 20 cm,
lead us to think that for ameasure conventionally realized at 35 cm,
modifications are not major ones.

c) 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 this due to the influence of the orthoptist controlling the
first tests or to the divers being left to themselves, or to the influence
of acoomodation which hardly relaxes in a reduced space or already the in-

flurnce of gas or prosswe 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 sometimes near 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 avea was clearly
altered; modifications made on the equipment, thie noticeable increase in the
portholes thickness through obliquity, the frequency of the phenomencn in
current: OPH, practice do not make us take that alteration intao acoount.

A decrease of paracentral sensitivity will appear in three divers. Mainly
for the same diver : B3. On D.7 a decrease of periocoecal sensitivity of the
left eaye was observed. 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 wvision

Two types of deficilencies have been observed.

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 beginning of blue-yellox axis on mesopic
level.

b) A dyschromatopsia axis appears in 21, A3 and more or less in A2 on

D 13, 15, 27, in Bl, B2,B3 ohD3, D7, more or less on D 18.

Errors 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 acquired and dynamic deficiency
The mesopic level cannot be put forward specially since the chamber stays

the samz 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.

ESSIIOR gave us the following results :

= As for as the discs are concerned, it was noticed that two samples cut
of twelve: showed an increase in thickness varying from 1 to 4/100 th after
diving.

= As 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 viclet light or a slight pink

colouring.
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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.

= Some of the tests which were carried out are open to a development in
their practising and so a progressive improvement in results could have been
observed.

= 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.

= It is difficult to differenciate the two chambers : this fact underlines
the reliability of our tests.

= Several types of curves were observed.

- maximun deficiency at the beginning of the stage at 450 m
—- maximum deficiency at the end of the stage
—~ finally biphasical curves

= Curves between D6 and D13 arc uncertain considering D8 for Team A
= Finally the etiopathogcnia of these troubles is difficult to assert :

- it is probably several neuro-ophtalmolcogical 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 gqrea-
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 camwon 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 obtained, the tests should be performed :

-

in confinement

shortly after arriving at the maximum depth
shortly before leaving it

shortly atfter the beginning of the ascent
and during deccmpression

= 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 detexrmined by a daily

practice of same very short tests, in 5 or 10 min, for example : remaining

accamodation, Maddox, prisms.

= If phenamenons of an accumulative type were confirmed, could the gphtalmo-

logist participate in estimating the maximum duration of a stage ?

= The arrival of new devices such as the ERG, FOG, PEV which do not require
pupillar dilatation or contact lenses, would allow an exploratidn 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 PAO ccould be checked on a great number

of divers and allow statistics calculation.

= In 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 inferior depths in using Nitro-
gen, Helicx, Trimix mixes and also at greater depths.

CONCLUSION

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 cut, 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 cbviously disturbed.

Considering the results obtained, 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 - TECHNCLOGICAL IMPERATTIVES

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 equipment to hydrox constituted the most important
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.

Cur rough calculation of the PH2 level tolepable at 450 m was found to be
valid and although the “"hydrogen effect” was perceptible, especially in team
B, we are inclined to believe that a lower F’H2 (23 bars instead of 25) would

have further normalised the newopsychic state of the six men - none of whom

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 % H2 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 isobaric counterdiffusion, but we
underestimated it, if only because of its variability from ore 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 into 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 - NEUROPHYSTIOLOGY AND PSYCHOLOGY

Exposure to a hydrox mixture of 54 % H2 did not serve to prevent electro-
encephalographic modifications, noted reqularly 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 environment 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 period following arrival on the bottom (R. Bugat); Nevertheless,
the results of tests used previously in ENTEX 5, 8 and 9 for the same compres-
sion profile show a definite advantage of ternary hydrox over nitrogen trimix.
Finally, the visual Choice Reaction Time with 4 cholceg did rot undergo  any
significant variation during the period on hydrox, which seems to confirm
clinical absence of HPNS (C. Lemaire).

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 nervous
system on hydrox seems to attenuate the impression of strenuous effort and in-
crease tolerance to a slight hypercapnia. If this should be confirmed, it
would be advisable to lower the PiL, to avold overestimating performance pos-
sibilities.

In the wet, on the other hand, although comparative respiratory measurements
were not possible G. Imbert found higher motivation among the three team B
divers for exercises in immersion, in ergonomic conditions better suited to
their capacities. Hence a satisfactory level of effort cbtained on the cyclo-
rower for periods ofhE% to 31 minutes, with respiratory comfort and a venti-
lation of 30 l.rn;i.n-l on hydrogen mix. The respiratory equivalent stayed re-
latively high, without C02 retention, for moderately erergetic 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 P10, and 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 A3, the ore 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 mumerous experimental saturations carried
out by OOMEX and GISMER. As we all know, a decompression which is perfect
for 100 % of all divers 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.B6 m.h_l, 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 PiO, 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 desaturation 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 L or slightly more) .

& - THE EVOLUTION OF BIOLOGICAL PARAMIZTERS

It is noteworthy - and reassuring - that following a critical situation re-
sulting from the switch HQ——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 blood and urine chemical elements, always reversible, do

not show any serlous 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 AMTE dives.

At all events molecular hydrogen does not seem to induce any specific biclo-
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 reweal a decrease in perfusion at the apex.

Bone scanning pemmitted us to discover one case of tibial hyperfixation (diver
B3), and for the five others a diffuse and symmetrical increase in isctope
fixation. Here agaln 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 summary, a mere glimpse into an extensive,
multi-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 volumes 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 be achieved without prohibitive expense.

2) Would exposure for long periods 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) Is 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 phenomencn of isobaric
supersaturation and the rebound of HPNS prohibit diving with the two mixtures
(l1iving chamber on heliox and bell on hydrox), a complicated procedure in

any case and one whose econcmic 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 conment 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 physiological data gathered
open the way to a pre-industrialisation of diving with hydrogenated mixtures
at the operating depths of tamorrow.
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We should like to express our profond appreciation
to the sponsors of HYDRA V for their financial support
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