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The present document is the property of COMEX SAS. It has been entrusted to the ORPHY 

laboratory, which scanned and uploaded it. 

COMEX (Compagnie Maritime d’Expertises), established in 1962, has positioned itself in the 

offshore activities sector, where it held a leading international position, becoming the world's 

foremost company in engineering, technology, and human or robotic underwater 

interventions. Comex designed a Hyperbaric Testing Center in 1969 and developed its own 

research programs on various breathing mixtures used in deep-sea diving (helium and later 

hydrogen). These research efforts led to spectacular advancements in this field, including 

several world records, both in real conditions and simulations. Comex still holds the world 

record at -701 meters, achieved in its chambers during Operation HYDRA 10. 

The ORPHY laboratory focuses on major physiological functions, their regulation, interactions, 

and their contribution to the development and prevention of certain pathologies. The primary 

mechanisms studied involve metabolic aspects (oxygen transport and utilization, energetics, 

etc.) and electrophysiological aspects (contractility and excitability), mainly related to 

respiratory, vascular, and/or muscular functions. These mechanisms are studied under various 

physiological and physiopathological conditions, ranging from the cellular and subcellular 

levels to the entire organism. In Europe, the ORPHY laboratory is one of the leaders in 

hyperbaric physiology and diving research. 

Being a major player in innovation and expertise in the field of pressure, COMEX maintains a 

scientific archive from its experimental diving campaigns. The value of this archive is both 

scientific and historical, as it documents a remarkable chapter in the history of marine 

exploration and contains results obtained during dives that are very unlikely to be replicated 

in the future. 
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A - THE NEEDS OF THE OIL INDUSTRY

During the 70'S industrial diving progressed into the 150-200 meter range,

which is the present depth of ntunerous 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 CCMEX divers performed more

tiban 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, frcxn 300 to 450 meters.

This expansion amply justifies the program on physiological investigation of

hunan beings in hyperbaric conditions undertaken by CCMEX and the FRENCH

MARINE, in particular with the series of real dives (JANUS IV, Phase 3) or

simulated dives (ENIEX 5, 8 and 9) which focussed, fran 1976 on, precisely on

the latter depth, 450 meters.

Since 1968 when the scientific team of CCMEX danonstrated and described the

High pressure Nervous Syndrane (IU'NS) one of the primary goals has been to

reduce this phencmenon which limits human activity at great depths.

This has been partly achieved by procedural artifices, more, perhaps, than by

the use of trijnix, a breathing mixture of helium and oxygen with a snail per-

centage of nitrcgen. 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 incampatible 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 underwaterworker. Two im-

peratives whose practical consequence is to lenghten the access time to high

pressure and to reduce the working time, therCbysubstantially increasing the

cost of deep water operations.

Yet now is the time when the develoµnent of the offshore oil sector should

push beyond the depths already conquered. It was our task, therefore, to

prepare the way for mahneci 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 existingmeans, which were already pretty close to

their own limits. In 1982, therefore, we decided that including hydrogen,

either alone or in combination, Ln breathing mixtures at more than 100 meters

might have two quite positive effects :

comex
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- lowering HPNS,

- irrproving lung ventilation,

which together would be beneficial to the deep water diver, diminishing fa-

tigue, and enhancing his canfort and safety, without increasing the cost of

opmations.

B - HYDROGEN

Without in any way tmderestimating the constraints which safety requirments

ilruXjse on its use, nor the high level cf technical ccmpetence its use requires

it must be acknowledged that hydrogen, as a diluent, pssesses specific pro-

petties whose advantages are ccmplementary, rather than contrary, to one

another, i.e. :

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

chart;

- next, anarcoticpcwer (possibly anti-HPNS) less than that of nitrcr-
gen, but far greater than that of heliun;

- finally, an advantageous price.

Hydrcgen can not be considered as a chemically inert gas - nor can nitrcjgen,

for that matter. Helitun alone, is the most inert of all gases.

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

gases

I

Physical properties

Density (g. j"i)

Thermal canductivity (W. (m. °C) "I)

Cohesive force constant (Van deer Waals)

Solubility ijn oil at 37°C (ml.l"l)

Oil/water separation coefficient

Absolute viscosity (poise . Lq"S)

Narcotic power (Brauer classification)

He H2 N2

0.178 0.090 1.251

34.07 40.21 5.61

0.034 0.244 1.390

15 40 67

1.7 3.1 5.25

18.9 8,5 16,7

0.07 0.26 I
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C - HISIIDRICAL BACKGRJUND

/

r

Initiated by Lavoisier in 1789, the history of hydrogen as breathable gas in

a mixture was demonstrated by ZetterstrOm a century and a half later when, in

1943-44, the. Swedish naval officer dcrve on hydmx to sea depths of 40, 70, 110

and 160 meters without any disoomfort. '1he 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 ZetterstrOm was installed.

Systematic research into the b:Lological effects of hydrogen began 'in the Uni-

ted States and France toward the end of the 60'S and mntinued, at COMEX,

until 1970.

In the United States Brauer exjpsed mice and squirrel mrikeys to a triinix of

H"/H2/02r in 1966-68, for periods up to 24 hours long at pressures of 60 to

90 ATA. !Ihe saturation was perfectly well tolerated by the animals. EEtter

O. Edel and five other volunteers breathed hydrox in a hyperbaric ciharrber at

60 mters' depth without the least difficulty. During the 70' s Mel ciontinued

his research with William P. Fife, experimenting on dogs (a total of 1140 hrs

of hydrox exposure at 305 m) rats and mice (5313 hours) and on themselves, in

a chamber at 91 meters for 4 hours 37 minutes in all. Fife's report, well

substantiated by biochemical and histological examinations on dogs, cr'ndLuded

that hydrox (97/3) was innocuous for animals at depths down to 300 meters and

periods up to 48 hours. ,

In France, animal experimentation was begun in 1969 on rabbits by j. Chouteau,

L. BarrthClCnry and A. Michaud of GERS (FRENCH NAVY) and on Papio papio bakoons

at CDMEX at depths cif between 300 and 675 meters ,(HYDRA II)'.
0 0

The Swedish Scientis± Ornhagen, Lundgren and Muren demcmstrated in 1979 that

hydrogen was not at all harmful to rabbits. 'Nelve 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 norrrally without the slightest sign of acute or chmnic

intoxication.

The fact remains, however, that at the start of the BO'S, for what were chie-

fly technical reasons, exFerjjnental hydrox dives invdLving human beings had

not gone beyond ZetterstrOm'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 investigation on 30 mice

exposed to 60 bars of hydmgen for 40 hours, which substantiated the harm-

lessness of this PH20 we decided to resune experimental human dives using

hydrogen mixtures.

comex
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This experWntal series, HYDRA III, IV and vi was carried out in the two

years from june 1983 to june 1985.

HYDRA III : sea dives

From June 27 to july 4, 1983, sixteen COMEX divers in eight pairs breathed

hydrox in a wet bell for five minutes at 70-73 meters. The descent and ascent

were carried out with the divers breathing heliox 80/20. Njne of them found

that hydrox tasted differently than heliox !

On july I, 1983, h.g. Ijelauze and J.P. Bargiarelli followed the same procedure

but to 91 neters, each breathing hydrox for 5 minutes. The decompression,

following a conservative profile with hypemxic 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 exFerjjment, HYDRA iv.

,

D - HYDRA IV

In this experimnt, conducted in Noverrber of 1983, six divers were saturated

on heliox to 300 meters with hydmx exposures of from one to several hours at

depths between 120 and 300 m. These tests confirmd the breathing comfort and

attenuation cjf muscular fatigue afforded by hydrogen. They also made it ps-

sible tO establish, for the first tim 'on human beings, an evaluation of its

particular narcotic power ,

!Ihe following is a brief outline of the conclusions presented in the HYDRA IV

report and the papers given at the Xth E.U.B.S. Congress in Marseilles in

Cmober i984

1 - Hydrogen' toxicity at partial pressures of 12 to 25 bars for exposures

of I to 6 hours was not shown by the biochemical blood and urine examinations.

lhis constitutes an initial confirmation of the results of much more severe

animal experiroents . 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 tine affecting the psychic functions, as does of course our

old friend nitrogen at even lower pressures .

2 - The conditions of this first physiological atterrpt 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 hydmx, as well as the lack of tiredness during exercise,

the results of the measurements taken in the difficult conditions of iiruer-

sion are more delicate to interpret.

carnex
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Examinatjon cjf the heart rates measured during exercise, howeyer, tends to

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

3 - According to the work published by Lambertsen and by d'Acust, swit-

ching the divers from the experimental hydrox to their storage gas heliox

should have producied the inert gas phenomenon of isobaric munterdiffusion,

with the formation of circulating or stationary bubbles. During HYDRA IV

Doppler detection echogralmy both confirmed the existence of this bubble-

producing mechanism. Under the conditions of this experiment the Fhenanenon

did not have any pathological ensequenes, 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

phenomena can be evaluated,' however, the hallucinant pwer of hydmgen being

about one-fourth that of nitrogen.

In any event the results of HYDRA IV enabled us to maintain that its narciotic

potency - mntrolldble because it depends on the PH2 _ indicates the use of

hydrogen mixes since :

- for one thing it depmds on the ambient pressure, whtch has a

counter effect on the narcxjtic action of the gas (or a "pressure reversal

effect", as the Anglo-Saxons call it) .

- for another thing the narcotic µiwer itself has a contereffect on

the high pressure nervOus syndrom, like nitrogen - which would be a definite

advantage for dives beyond 300 neters.

P

E - IIHE OBJECTIVES OF HYDRA V

The purposes of the next hydmx tests are obvious :

m on the technical level, to constitute a hyperbaric system which could be

pressurized with hydmgen as well as helium and which comprised a new ECS

capable of oontmlling not only telrq?erature and relative humidity at all

tines, but also the piO2 by automatic O2 injection in the hydrogen mixture.

" on the physiological level, confirmation of the anti-HPISG effect of hy-

drogen, which would, nrjreover, 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 corrpression, identical to those of the preceding dives, ENTEX 5, 8

and 9, on helitun or nitrogen trijnix.

Operation HYDRA V was long enough to permit a nuirber of I?hysiological inves-

tigations, of which the chief ores were :
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- regular blood and urine analyses in order to detect any incipient toxi-
city, albeit unlikely, of hydrogen during prolonged exposure;

- regular EEG cheCks and trernor measurement;

- respiratory function irrvestigation during rest and work Eeriods, both
in the dry and in the wet;

- rredical surveillance and observation O:E behavior;

- study of isobaric counterdiffusion phenomena when switChing from hydrox
to heliox, and consequently determining what is feasible or prohibited in

transferring from one gas to another;

- plus, of course the final decxmpression of team B on hydrogen mix up to

200 ireters for which we had to establish a profile without benefit of previous

experience, since ncmone had ever before "come up" from a 450-ireter saturation

on hydrox.
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HYDRA V

HYDROGEN : PRELIMINARY STUDY AND ADAPTATION OF HYPERBARIC
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I - INTK)DUCTION

The use of hydrogen for human experimental deep diving was decided

upon after jjnFQsing safety as the main technical aim.

flhe HYDRA experiment was only carried out after the risks relating

to the use of heavy equiµnmt initially intended for containing air

or inert gases were thoroughly studied.

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

self-imµjsed safety levels :

- Accurate kncwledge of mn-flammbility limits of H2-He_O2
ternary mixtures under hyperbaric conditions;

- C6rrpatibiiitYof hydrogen with the materials used for heavy

equiµnent;

- Use of breathing quality hydrogen;

- Continuous regeneratiQn hydrogenated respiratory gases;

- Cbriformability of all the gas circuits;

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

- Setting up operating prccedures for the equipment by anticipa-

ting and averting himan error.

'Ihe fact that no significant technical mishap occurred during HYDRA V

cxmtributed to the success of the operation and proved that when

simple safety rules are respected it is no nrjre dangerous to handle

hydrogen than some cjtiier gases used at high pressure for deep diving,

suCh as oxygen.
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2 - HYDROGEN AND FLAMMABILITY RISKS

Everybody knows that hydrogen is higly ccmrbustible.

The mrribustion process occurs from the following chemical reaction :

H2 + 1/2 02"H2O + 137 Kcal

!Ihis reaction is highly emthermic and the mixture turns into an

"explosive" one when the proportions tecome stoichiomtric .

Before carrying out the HYDRA IV and V experiments, we implemented

experirrental research regarding the flammability limits of H2-Eie_O2

trimixes under pressure. 'Ihis researCh was necessary to accurately

determine below what limits of c'xygen concentration flame can m longer

be propagated, whatever the H2-He ratio may be.

2.' - E=£w_!!mse':ye

1Ihe main tcol of the experiment was a cylindrical experirrentation

chamber with the following specifications :

- length ................ ..

- internal diameter ....................

- volume .........,.......,........,...

- working pressure .....................

- test pressure

1000 nun

80 m

5 Litres

600 bars

900 bars

Both ends of the chardber were sealed with screwed caps. Che of the caps

was fitted with two Souriau uniµiLar electric hull penetrators for

ignition electrodes.

The other cap contained three gas penetrators for pressurization,

analysis, and pressure rreasurement.

'Ihe cylindrical part of the charrber had eight hull penetrators to

receive the electrodes used for measuring the propagation speed of

the flame .
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.
After the gas mixture was made up it was hcmgenized by a nrt'orized

system which spun the charter around.

The ancillary equiµnent (data acquisition, analyses, etc .) is shown

in Figure 1.

2.2 - mE_=!me£z'ezl

Tcsts were carried out at the follcwing pressures :

15, 30, 45, 60 and 75 bars

with hydrogen concentration of :

20, 30, 40, 50 and 60 %.

The purpose of each test was to determine the minimum oxygen concen-

tration at which the flame was no longer propagated for each level of

pressure and hydrogen crmcentration.'

The trimix was prepared directly in the coMbustion chamber with hydro-

gen, helitun and heliox (He"O2) after creating a vacuum

!Ihe resulting mixture was analysed by chromatography before and after

ighi'tion. Oxygen was measured a second time with a special oxygen

analyzer.

Cbrrbustion was initiated by

a SAF 320 welding set. The

joules for an electric arc

i joule per rriillisecond.

3.16 mn 0 welding electrodes connected to

ignition energy was very high : 50 to 300

lasting from 50 to 300 milliseconds, i.e.

At each level Qf hydrogen concentration ani pressure several tests were

carried out for which the oxygen concentration varied around the

assumed flammability limit.

By measuring the oxygen ajncentration before and after ignition, it is

possible to draw the oxygen variation curve for a given pressure. 'Ihe

point of inflexion squares with the limit oxygen concentration belcw

which flame can m longer be propagated (Figure 2 ).
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!Ihis 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 hydmgen concentration.

In addition, a nurriber of tests at a pressure of 1 bar were carried out

to finalize the rrethcd, without being oounted.

0

2. 4 - Results

As a general rule, the limit oxygen concentration decreases :

- when the total pressure increases;

- when the concentraticm in diluent neutral gas (helium)
increases .
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Hgure 3 : It should be noted that the pressure of the mixture

affects the limit oxygen concentration. We can see that

irrespective of the H2"He ratio, this limit concentration

decreases when the total pressure of the H2"He"O2 ternary

mixture increases .

Figure 4 : On this figure the limit oxygen concentrations are expres-

sed as a function of the hydrogen partial pressure. As

can be seen, nearly all the µAnts corresponding to the

tests carried out at a total pressure of 75 bars are

aligned on an asyruptote at an oxygen cxjncentration of 4 .4 %.

We can also see that for the same pressure the oxygen re-

quired decreases when the H2/He ratio diminishes. This is

pmbably due tQ the fact that the proportions approach the

H2/02 "t':'ichiometric ratio. Contrary to what one might

think, flammability risks do not decrease with an increase

in helilun concentraticri, in an H2_He_O2 trimix·

Figure 5 : The H2_He-O triangular diagram shows the lower flarrtmabili-
ty limits oE hydmgen in a ternary mixture with helitm and

oxygen. At a pressure Qf several bars the mixture only be-

comes flammable with a minimum hydmgen concentration of

7.5 % on the condition that the oxygen conentration is

sufficient.

On the basis of these results, we have established rules for the use

of hydrogen in saturation exEerimental deep diving :

- Compression Fhase

Hydrogen is injected when the oxygen concentration falls below

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

- Deciornpression 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
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3 - CDMPATIBIIJITY OF METALS WITH HYDHJCEN

The phencmncm of hydrogen erubrittlement of steel has been widely studied.

Many mrks have shown that the presence of certain elements in hydrogen

inhibits its enbrittlement effect. 'Ibis is particularly the case with

oxygen, Yhich at a miriimum quantity of several hundred ppm, considerably

limits the penetration of hydrogen into metal. This presumably results

fmm a greater affinity of steel for oxygen.

G.C. HANCIOCK and H.H. JOHNSON {I) have studied this µenornenon with

very significant results (Figure 6) . We can see that crack growth only

occurs in a pure hydrogen atmsphere. As soon as hydrogen is replaced

by a hydrogen-cc'xygen mixture, the cracking process quickly stops and

stabilizes.

j. BRYSELBOUT of Air Liquide Company (2) has also prcvved that oxygen

has an inhibiting action which increases as the oxygen cxjncentration

increases .

The oxide layer deµ)sited on sound metal presumably acts as a hydrogen-

tight barrier. Combined traces of water vapour and oxygen have a greater

inhibiting effect than water vapour and oxygen separately (Figure 7) .

E)rrbrittlement is also linked to the hydrogen partial pressure and both

factors evolve in the same direction (Figure 8) .

As regards hydrogen saturation diving errbrittlemnt risks will thus be

considerably reduced due on the one hand to the permanent presence of

oxygen and water vapour in the arrbient gases of the charrbers and on the

other hand to the low hydrogen partial pressure.

As a matter of Eact, 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 errbrittlement process . As a sa-

fety measure equipment will however be regularly checked, particularly

in the zones subject to high stress.

(I) Hydmgen, oxygen and subcritical crack growth in a high strength

steel - G.C. HANQCCK and H.H. JOHNSON - Transaction of the Metal-

lurgical Society Qf AIME - Volune 236, April 1966, 513-516.

(2) Influence des pressicms partielles d' impuretCs gazeuses sur la

tenue des inatCriaux - j. BRYSELBOUT - Centre de Recherche Claude

Delorme - Air Liquide Report 86.83 - 1983.
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4 - HYDROGEN PURITY

!Ihe hydrogen proµjsed by the two main gas suppliers is either of cata-

lytic or Qf electrolytic origin.

Nbst people in the profession considered that electrolytic hydrogen
t

offered the best warranties as regards breathing quality. As a matter

of fact this type of hydrogen may seem purer as conpared to the craCking

of hydrocartxmic mlecule, since it results from water electrolysis. By

using catalytic hydrogen for HYDRA III, IV and v experimmts we have

proved that this is not a necessary condition.

The "purity grade" is riot the only factor to be taken into acoount in

choosing the ultra pure gases intended for human (or animal) breathing
0

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 cxmpounds

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 mlecular sieve

is the best hydrogen scrubbing mthod. Metallic hydrides are corcpletely

trapped at the terrperature of liquid nitmgen.
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We had set the following specifications for HYDRA V :

Purity

Special treatirent ...................0.

Q2 ············"·"··"·"""'""'"'"°"°"""

N2 ·······°····"'·""""'"""'"""""'""""'
(X)

0 0 O 0 0 0 0 0 0 0 0 0 0 P 0 0 · p 0 p

CO2 ······························'·"""

al4 ·· """°'"""""""'""'

Metallic hydrides .....................

> 99.98 %

Cryogenic scrubbing

< 100 ppm

< 100 ppm,

< 0.5 ppm

" 5 ppm

' 5 ppm

< 0.0015 ppm expressed in

ASHy PEly and HCN.

For mtallic hydrides, we fixed the maximum acceptable values at

450 treters as follows :

Arseniuretted hydrogen ................ 0.05 microbar

(ASH;j)

Phosphuretted hydrogen ................ 0.3 microbar

(PH3)

Hydrogen cyanide . 10 microbar

(HCN)

In the H2_He"O2 trimix with 54 % hydrogen the above values oorrespond to

the voluminal concentrations :

AsH3 ···· ·... 0.002 ppm

PH3 ·.···-····.0.... 0.012 ppm

HCN .. ...................... 0.4 ppm
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5 - ADApmTIoN OF HYPERBARIC FACILITIES

The hyperbaric facilities of the CDMEX Research Center, µtrticularly

the charters, were not initially intended for hydrogen use. We thus had

to adapt them to this new deep diving teChnique. Activity areas in the

Research (knter'were also redefined (Figure 9) .

5.' - saEyEmc!nA!m_£s

In accordance with HYDRA v experimental protocol we organized two sepa-

rate and distinct zones (Figure 10) :

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

- one zone for heliox, to be used both as a strategic retreat po-

sition in case of safety problems, and for the final decompres-

sion of the divers.

HJ/DRELIOX ZONE

!Ihe EMS 600 rxjCtuiar 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 I

- Sphere 2

- Sphere 3

: Living charrber

: Sanitary chamber and bell simulation

: Latoratory 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 rretal cctnponents were grounded.

All the o-rings on doors, viewports, locks, technical plugs and manways

were replaced by seals corrpatible with hydrogen use. Before the first

comex
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team of divers was pressurized we made a rigorous test of system

tightness at a µcessure of 45 bars with hydreliox trimix.

All the rest of the internal equipment was that normally used for Ejhy-

siological experiments in heliox.

HEL10X ZONE

A six-person cylindrical charriber with built-in lock was connected to

sphere 2 of the EMS 600 to accamrxiate the divers after their stay in

hydrogen. Its main specifications were as follows :

- Internal dianEter

- Overall length

- Chaihber length

- lock length

- WOrking pressure

- Chanter volume

- Lock volume

: 2.3 m

: 9.3 m

: 6.8 m

: 1.9 m

: 60 b
: 27 m3

, 8 m3

r

The transfer lock, which is normally used as a sanitary chamber, can be

fitted out with 2 bunks in the eventuality it should be necessary to

pressurize a medical assistance team.

Ihe physiological test equiµrent was identical to that used in the

m 600, in order to carry out reference tests on heliox.

go me x



2 - 21

?
D

G
2
#
st
Z

2
g
E
i

e
"D

$

a
E

Z
S
S
D

.G
i

S
CJ

g
a

'"";'}3"'?'K'):tR"""'"""'r'""'"'^"'"""":"""""="'"""""'"""*'f"/'FaL3

XXy-'"X '\ T-- 1
Hydrogen storage HELIUM µ

I' ', REGENERATION ti

J' , '" A A ))

Ll., j'r ;;;":';Jj-' I :: )
L,/zz,j " (" !';W"\" , jj'ji :,,M ' J!

' i I) ' " Ed " - "=' - au'p"" "
- ;- if ! "" """ 1f ' "" :,

0< "
- 1 i! 'RED ZONE ,"""C;j-j""" :

, ""1,,,. tL 2AN " '
M 4 ~ G. m _':. _ _ _ _ ~H , : :' ': 'm 6

;k.ky>'"gjZ
XXyv;<X ',

:

?
i

E
m

C

g
r>

?

!
O
:

Q

2
U
O
I?
V>
2

6
8
3
O
a

cp
.
;

W

V
G
.
qp
C

i

g
E ,

!
ii= O
P "

i!
8%
u

I)
'i!}Ei

\®8 r
'A'

W m

4

" Ej

L_ I.}\°°°°°°°° X X)'. , CT

¶ a"""°ki

kk i': ". x xx)" x x'
X X :< X >d X X' y' X,

I': ". 'X XX)"" X X'
X :< X >d X X' y' X,

HELIUM-NITRCGEN-OXYGEN STORAGE

Hqure 9 : HYPERBARIC REsEARai CENIIER GENERAL LAYcUr FUR HYDRA v

comex



2 - 22

W

'Z
~"O

C
D

'V;
a

31
·5

,

C

S
a

E
m

i

E
~"D
C
D
'a

GO

E
ii

2
e

3
0
E ,
-
i

G?
AJ
3
a

O
7>

P
i .

h
>.C
m

C

3
C

7J

?

S
?
~
6
:

O

S:
D

g
in
=

ri

?
'S
a
a
.
»
D

b
E
?
m

0

C

Z
Q)m A

ii

?S
O n
'= Q
ii

= Q
n "

. C

gi
?%
W O
O ,S

k b
5E
L 3

28
& 0
u

Vb
J

CI C
Q)

cn E

El

HYDRELIOX < > HE'IOX

LIVING CHAMBER BELL CHAMBER

"" 1\s)f)
LIVING CHAMBER FYjR TES* IN THE

" - " DRY AND FINAL DECDWRESSION

mV m " /WORK CHAMBER

TESIIS IN THE DRY

OR rN 'THE, WET

Figure 10 ,: General layout of saturation chambers

come x



2 - 23

cn
"E
~
"D

C
.S?
cn
cn

2
V>

O
a

C

8
12
&
E
ip

G
Q)
§

O

£
6
C
2
cn
¢n

E
a

C

?
'e

3

!
:7
O
.C

F
CJ

.D
D
a

Q)
"D
m

E

F
E
m

C

Z
T)
4>
~-

E
2
m
¢
~

6
47

8
2
i5

g
cn
A)

t

"D

2
CL
O
.
lb
L)

~
V
=
-
e
C

b
E
G
0
b

lb
.G ..;

id
Q Q7

Z >
lu
C O
D cn

E:
u

= O
CD ~

kf
u

:!
X 17
[t

a. e»

E!
Y?&
¢j

Q!
D C

47

S!? E

Ei

5.2 - HYa£2qmMsLw_£egenetag2n_syst@ .

The breathing gas ruust be continuously regenerated during saturation so

as to :

- eliminate cartxjn dioxide

- eliminate odours

- partially dehumidifY gas to maintain relative humidity at a

comfortable level

- maintain terrperature within a comfortable range

- re-oxygenate the gas mixture to conipensate for the divers'
natural consimption during their stay "on the bottom" and to

ensure a cxjnstant oxygen partial pressure during the long

decompression phase .

Ftjr HYDRA V it was not Fossible to use traditional regeneration systems

for obvious safety reasons . We thus designed a new system specifically

for hydrogenated gases. Cbmpactness was sought by eliminating all the

pipes cQnnectijlg the various modules in order to reduce danger of leakage

as muCh as Eossible.

tlhe various elements, exchangers, boosters and filters were incorporated

in a single cylinder to be connected directly on to a chanber without

using any valve or joining pipe (Figure 11) .

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

cooled by water frrm 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 dam to 600 meters' depth in heliox or hy-

dreliox.

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

The filtration campartmmt contains soda lime and Charcoal providing an

operating range of mre than 120 hours with 3 divers. The HYDRA V range

exceeded 150 hours on hydreliox.

Soda line and charcoal are easily replaced by isolating, then decOmpres-

sing the filtration carpartment by a CheCk valve system. During this

operation gas still circulates through the exchangers and tEmerature-

humidity control continues uriimterrupted.

For HYDRA v the ECS was mnnected to EMS 600 spheres 1 and 2 by means of

valves and rigid pipes. This arrangement offered a nurrber of different

possibilities :

- Exhaust and delivery in sFhere 1, sphere 2 or both sEheres at

the sane time ,

- Exhaust Ln sphere 1 and delivery in sPere 2 (or vioe versa) .

- Exhaust in sphere 1 and delivery in sphere 3.

- Exhaust i-n spheres 1 and 2 and delivery i-n spheres I and 3.

- Exhaust in sphere 2 and delivery in sphere 3.

'Ihe ECS comprised an oxygen make-up by means of which the divers' natu-

ral oxygen consurrption was automatically compensated in accordance with

the measurerrent in sphere I.

This device was specially designed for re-oxygenation of hydrogenated

gases . Since manual oxygen make-up was iirq;ossible for' obhious safety

reasons, we installed tv«j 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 flaimability limlts in the

oxygen injection zone. Several safety devices ensure shut-down and
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isolation of the automatic oxygen make-up system in the event of over-

oxygenation or local corrbustion.

We are pleased to report that the entire system worked perfectly and

that no failure occurred during the whole experiment.

Ehvirormmtal paraireters inside the chanters were maintained at the

values required for Ehysiological comfort with remarkable accuracy and

reliability (Figure 13) :

- Ambient relative humidity

Constantly maintained between 50 and 52 %, i.e. maxijmm
variations of ± I % in absolute value.

- Anibient temperxture

Maximm discrepancy was 0 .5° C despite variations of the hot

water source of mcjre than 10° C.

- Carbon dioxide

The absorption capacity of soda lime raised to more than

32 % in weight, whereas the supplier only 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.

¶he (JJ2 µirtia1 pressure was lower than 3 mb at all tijres.

" sm"

The oxygen partial pressure was maintained at the preset
values ± 2 nib during compression and bottom time as well as

decompression.

5.3 - W_~cKattW

All of the gas circuits on the EMS 600 were fully recxmdikioned and
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and the hoses replaced by rigid stainless steel or copper pipes depen"

ding on the type of gas they conveyed.

Circuits were arranged to pmvide optimum flexibility in the handling

of various mixtures (figure 14) .

Hydrogen circuits were only put into operation after inerting with

nitrogen, heliox or helium.

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

cr)mpartln2nt, the lock and the waste water tank were blown out with

nitrogen throughout the operation {Figure 15) .
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6 - SAFETY DEVICES

The results of the research on hydrogen flammability limits proved

that risks are ainxjst non-existant in the charrbers below a depth of

200 meters, for the Qxygen concentration is tco low.

Great caution must be exercised outside the charrbers, however, for

hydrogen has a very high flammability potential in air.

!Ihe flammability limits of hydrogen at atmospheric pressure are the

following :

- low limit : 4 %

- High limit : 74.5 %

!Ihese oorrespmd to an Qxygen content ranging from 20.1 % to 5 .3 %.

It was thus necessary to make a thorough study of leakage risks and to

provide effective means of eliminating them.

For HYDRA v we equipEed the EMS 600 with a big extraction hood covering

spheres I and 2. °Ihis hccd was connected to the outdoors by a large 36"

diameter sheath and a powerful gas exhaust system with a two-speed hy-

drogemclass explosion-pmof electric jjj3tor (Figure 16) .

A set of 8 hydrogen detectors was installed under the lxxxi and connec-

ted to a ciontml device with two alarm thresholds (Figure 17) . Each

detector was linked to an electronic ircdule fitted out with :

- an ON signal light,

- a sensor failure light,

- a first alarm threshold warning light, '

- a second alarm threshold warning light,

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

'lhe 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 I : 0.15 % hEE2s{en

Starting up of the first extraction speed, corresponding to
a flow rate of 20 000 m3/h, and the orange flashing light.

- !Kireshold 2 : 0.5 % hyg!;2s{en

Starting up cjf the second extraction speed corresponding to
a flcM rate of 40 000 mb, and the red flashing light.

It should be noted that the 40 000 mb extraction rate slicjhtly de-

pressurizes the experiirental center. The slightest leak would therefom

be iimediately diluted in the air and drawn out of the building.

The surface operators could also manually control the extractor. In

case the extractor was to ije manually operated in first or second sFeed

the operator was warned of a hydrogen alarm by the flashing light and

the somd alarm of the electronic rrcdiiLe.

'Me QOMEX Research Center was originally equipped with 3 extractors
(unit flow rate : 6000 m3/hr) and we had them working cxmtinuously 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 hoed by

convection.

The following table indicates the air speeds in the hood and the sheath

as a function of the extration rdte.
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I 20 000 m3 1 40 000 m3 1

I 1 1
I I

I In the extraction sheath 1 8,75 m.sec"l I 17,5 m.secd I
1 1 I I
I At the bottomof the hood I 0,6 m.3ec"l ! 1,2 m.sec"l I

I I I I

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 rnass spectrometer. This leak was able to be

checked in ccmE)lete safety by the carbined efforts of the divers and

the surface technicians.
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Figure 16 : Circuit diagram of extraction system for

possible hydrogen leaks
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7 - PROCEDURES FOR OPERATING 'IHE 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 ciramstances, and at m point in the diving system and

its periEheral facilities could there be any pssibility of prcducing a

flammable mixture .

The procedures cover :

- pressurization of the sphere complex

- depressurization and repressurization of sphere 1 and 2

- depressurization and reptressurization of sphere 3 for tech-

nical operations Ln the dry

- filling sphere 3 with water after opening to the atruosphere

- replacing the water in sphere 3

- reducing hydmgen content in spheres I and 2

- increasing hydrogen content in spheres 1 and 2

- Qperatj.ng the fccd and medicine lock of sphere I

- operating the sanitary tank of sphere 2

- bleeding the regeneration condensate recovery bottle

- changing ECS soda ljjn2 and charcoal

_ blcxxi sakple ciecorrpression 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 sPere 3

- hydrogen consstunption and preparation of hydreliox

8 - CDNCLUSION3

0

In conducting this experiment we have prcwed that heavy saturation

diving equipment initially intended for helium can be adapted to hydro-

gen and offer full safety guarantees. lybdifications are required only

in sorre of the associated sub-systems.

lSb significant technical difficulty occurred during the experirrmt. The

equipment developed sEecifically for HYDRA v, particularly the gas rege-

neration system and the automatic oxygen make-up, worked perfectly

thmughout 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 tijxes
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I " ORGANIZATION

I) CDMEX TEAM

P

Director of operations

Scientific Directors

TCchnical Director

: H .G. I3elauze

: X. Fructus and B. Gardette

: C. Gortanri

Scientific and Medical Staff : m. Comet

M. Carlioz

i
;

Technical Staff

- Laboratory

0

- Diving Supervisors

- Shift SuFervisors

- Technicians

- Safety Suurintendent

- Public Relations

: A. Bened

M. Trovallet

: j. Coustal

: A. Martin

P. Martin

: S. Clairet

b. Borrione

Y. Bonnier

P. Rcjux

P. Vittori

: J.P. Mary

: C. jatteau

J.P. Iiibert

come x



3 - 2

n

L'
-
_O

8
In
in

2
in

&
C

C
O

2
C»
Q

>

C
©

~
cl)
t

Q)
.C
-

O

G
O
V)
U>

E
a

S
=Y
'»£
-3
O
m
-

3
(.g

L')
.7
CL

rep
T?
m
e-

m

g
>C
a

C

€
O
C

I?

?
E
e

m
n
-

6
D

?
T?
n

P

r5
·»V)
g

g
U
7

'Ly

S'
CL
W

X
-D.C
-
V
C

>
m

E
£
9!
<»= Z
ii

82
e O
Q {A

ii

= Q
m ~

if

u

?!
« rg
ff

& m

E!
cn &

ll
O C

Q)

!1

2) SCIRUIFTC TEAMS

m CEPISMER/GISMER (French Navy) : D. Larry

" CERB (T\juion Naval)

" CERTSM/DCAN (TOulon Naval)

W GIS/CNRS

- INPP

- CCTARES

" NMRI (US Navy)

" NDRI (SwediSh Navy)

B. Broussolle

J.L. l'brcellet

P. Giry

R. Hyacinthe

A. Elizagaray

El. Puech

A. Battesti

A. Baret

A. CburtiCre

C. Verbier

G. Perazza

R. Bugat

: G. Masurel

N. Gutierrez

M.C. Giacomni

: R. Naquet

G. Inibert

A. Chattut

A. Fblco

J.C. Rostain

M.C. Gardette-Chauffour

A. Burnet
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The operation was under the responsibility of three c»nunittees :

m Management cannittee :

- H.G. Delauze, COMEX Chairman

- Capitaine de Vaisseau Serve, French Navy

- Technical Committee :

- C. Gortan, CDMEX

- Capitaine de FYCgate Harismendy, FrenCh Navy

- El. Pillaud, TFREMER

m Scientific Chmmittee :

- MCdecin-GCnCral Broussolle, Service de SantC des ArmCes,

- Dr X. Fructus, QOMEX

- MCdecin-Chef Lanjy, French Navy

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

a) Hj/perbaric camplex

part of the CCMEX hyperbaric research centre facilities in Marseilles

were used, including :

UNIT N° 1 : A system three spherical charribers connected to the heliox

chahber in which three divers can stay ijn 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 H2 exhauts with alarms and

extraction outside hyperbaric center hall.

UNIT N° 2 : A charrber with lock under heliox, which can accamcdate six

divers .

b) Individual equiprent for the dive

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

- a one-piece QQMEX PFKJ suit without hood made of 5 nm thick neoprene
with fastening,

- neoprene boots ,

- safety harness,
- weights,

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

mixture,

- new integral wet helmet QQMEX PRO, with TB demand/durrp valve connec-
ted to the dry wall by an umbilical carposed of :

. life-line

. in-out breathing gas supply line

. camKlrlications line

. ECG and rnagnetaneters lines

. mass-spectograph line

. oro-nasal terrjperature line

. muth barogram line

Exercise tests were performed on cyclorower.
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7) 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)

- ophtalmlogical tests

8) Training :

- Psychometric tests

- Technical diving training
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V - DAILY SCHEDULE

¥ !2EEEmTQEx_!2mE

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

- QphtalrrDlWic tests

- i\pri1 22, 23, 24, 25, 26

- Dives in water, sphere 3

- Psychometric tests training

- Radionuclide bone and pulmnary scans - ventilatory and

biological references

- iipril - May : 29, 30 - I, 2

- Dry chamber bounce dives to 66 meters for 20 minutes, nitrax

breathing by mask : 5.3 % 'J2 (0.4 b)

- Psychametric tests for narcosis

- Exercise in the dry
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* HYPEREJARIC PHASE

Ten A (3 divers)

Depth
d Dates Chronology m Data

% =' 21.00 Lights out 0 Surface

D Satnr. 14.00 0
1 04/05

17.00

20.30 Caupression

Scientific activities

Sleep - Divers with- .
out EEG electrodes

EEG electrode fas-
tening

EE)G

22. 00 Lights cut

D, =y 06.30 wake up

08. 00 Breakfast

10 Cbnfinment
He 02 (80/20)
After 6 flushing

Sleep EEG

Beginning of daytime
urine-taking

10 Cbnfinanent Bubble detection
He = 1.55 b

(77.4 %) EEG - Trmor
O2 = 0.4 b

(20 %) Psychometry
N2(;, :":: b Ophtalmlogy

12 .00 Lunch
Rest

14.30

10
19.00

20.00

22. 00 Lights out

"' =' °'°'° """ "'

08. 00 Breakfast

08.30

13 .00 Lunch

14.00

10 cmfinanent
He Q2 (80/20)
PO2 = 0.4 b

Psychology
Qphtalnrilcqy
EE)G - Tranor
psychanetry
Clinical
End of daytime urine
taking/Beginnirig of
nightime urine taking

Sleep EEG

Blcxxi sampling
End of nighttime u-
rine taking
EEG - Trance

Exercise ijn the dry
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D Dates Chrunolcgy Depth Data
m

"' =' 14.30

18.30

19.00 Dinner

20.00

22.00 Lights out

10

Scientific Activities

Exercise Lin the dry

EEG - Trerxjr
clinical

Sleep EEG

"4 = 02.00 Ccupressicn

05.00
Step

07.00 Wake up
Breakfast

11.40
Step

14.10 Lunch
Rest

19.00
Dinner

20.00

20.50
Stcp

23.20 Lights out

% Wednes. 06.30 Wake up
08/05 Breakfast

10 Beqinni'xj of canpressicn
He - 2 mtn/m

FO2 = 0.4 b

100 2 h 30
Carpression He 2.5/min

PO2 = 0.4 b

200 2 h 30
Ctnpressicn F32 4 minjm

FO2 = 0.4 b

EEG - Tremr
psychare'ry

EEG - Tremr
Psydiology

EEG - Trerror
'sydhcrre'ry
Clinical

300 2 h 30
C'np""""icn Et2
5 min/m

PO2 = 0.4 b

EEG - Tremr
Sleep EEG

07.40
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10.10

12.00 Lunch

14.30 Rest
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D5 WEdrjes. 16.00 EM of
08/05 ccnpresslcn

19.00 Dinner

20.00

22.00 Lights out

"' =" °'"'° """ "

08.00 Breakfast

Depth Data
m

450 Arrival at the bottan
H2 ;5:5;: b

He = 19.8 b
(43 %)

Q2 :0:q:li;

N2 = 0.05 b
(0.1 *)

Scientific Activities

EEG - Tremr

'sydme'ry

Clinical

Sleep EEG

12.00 Lunch

14.30 Rest

450 Bottan tijre Babble detection
H2 = 25.5 b

(55.4 t) EEG - Trerrrjr
He = 19.5 b
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O2 = 0.42 b

(0.92 i) (Jphtalmlogy
N2 = 0.05 b
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19.00 Dinner 4SCl

20.00

22.00 Lights out
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08 .00 Breakfast
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EEG - Trmjr

Bubble detection

EEG - Tremr

Bubble detection

Clinical
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14.00

18.30

19.00
Dinner

20.00

22. 00 Lights out

"' =' °'·'0 Wake up

08. 00 Breakfast

Confinemnt He 02

PO2 = 0.4 b
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06. 30 Wake up

08. 30 Breakfast

Beginnirg of daytiim
urine taking

450 bottcm tirre FI2 µ" Q2

PO2 = 0.4 b EEG - Tremar

Dive of By sphere 3, Exercise in the wet
2.00 hrs

Water t = 31° C

Dive of By sphere 3,

450 1.58 hr
Water t = 30° C

Ventilation He Q2

BegS-nn.tng of (j2 adds

P'J2 = 0.5 b

450 FDAL DECCMPRESSICN

H2 = 23.8 b
(47 .5 %)

He = 22.5 b
(48.9 %)

Q2 = 0.48 b
(1.05 %)

IN = 70 miMn

Exercise in the wet

EM of daytime urine
takiLng/Begtnning of
nighttim urine taking

= - Trencjr

Clinical

Sleep EF)G

]2.00
Lunch

14.30 Rest 438

19.00
Dinner

20.00

22.00 Lights cut

Blood salrpljm

Ejnd of nighttime urine
'akh¥j
EEG - Trenxjr

Butble detection

Bubble detection
Cphta1mlcqy
EEG - Tremr

Clinical
Eubble detectlcm

430 Sleep EEG

comex



3 - 26

.9

.G
~
_D

C
O
'a
O
Gn
^

D
, a

C

IS
in
Z
E
m
t

C>
»
G
~

O

C
O

Z

!
C
Q)
t

='

~

3
O
.C

g
9
D
m
a

g
m
E
i

C>"

m
C

4

O
C

'D
Q)
E

E
Vb
G
2
W

a
&
D
a
G

T?
Q)
Gn
»

a
8

!
Cl
Q)
.
»

£1

uV
.C

a
i

C
@

0
K

ZQ
m a)
C 'D
a

D V}
'= qP
ii

= O
© "
. C

gj
8"%
u

Eb
m p
ub C
Q. 3

?£
" E
Ez

n
ft? &
¢j

i!
a C

V
V) E

EQ
3 T>

D Datm ChronoicQ{

"" ='

15.45
DLve

16.23

Depth Data
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428 h2 D«mpr'ssion
lcxmtinuation)

H2 " 44 Q;

415

408

399 h2 d«=ETes.sj£m
(cxmtinuation)

H2 = 42 8

395

Scimtlfic Activities

Eutble detection

EEG - Trmjr

B3 : Dive - 38 uiin

t = 30° C

"" =' '°"' Dive

11.05

15.24

Dive

B2 : Dive - 42 min

water t = 30° C

Bj : Dive - 28 rdrt

water t = 30° C

15. 52

"' ="' 388 H2 daxr'pressian
(entinuation)

H2 = 41 %

367

352 H;, decmpressian
( tijnuation)

H2 = 39 %

350 IN = 65 min/in

Bubble detection

EEG - Tranor

Sleep EEG

%° =" ""' Dive

17.04

19.52

Bj : Dive - 7 min

water t = 29° C

D21 Friday 335 H2 = 35 'i Bubble detection
24/05 EEG - Tinmjor

Sleep EEG

"" ="' "' '!' ="' =="

Sleep EEG

"" =' 300 IN - 60 miLMn

H2 = 29 Ei

(

EUbble detection

EEG - Trerror

Sleep EEG
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266 He = 22 %

Scientific Activities

Bubble detection

EEG - Tremor

Sleep EEG

"' =' 04.02
250 l/V = 55 min/m

240 H2 = 15 *

Bubble detection

EEG - Tranor

Sleep EEG

"26 ="d"y 215 H2 = 4 %

"" ="' "' " = ' '

"28 =y 162 H2 = ' i'

Bubble detection

EEG - Trrimjr

Sleep EEG

Blccd sarqpling - Urine

EM of EEG

Bubble detection

Trerror
17.05 157 Transfer into heliox

a=)spherechanber

H2 = 0 %

136 He O2 deccnpression

PO2 = 0.5 b

l/V = 55 min/m

too K)2 = 0.6 b

"" ="' Bubble detection

Tremor

%° =' ""°

"" =' 83 PO2 = 0. 6 b

Bubble detection
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Bubble detection

Tranor
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Scientific Activities
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D33 Wednesday

05/06
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O2 = 24 %

09.00 12
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INTFDDUCWON

!Ihe doctors who participated in this experiment were not content merely to

watch over the divers'health, whidi didn' t give than mcih tremble, they were

particularly interested in observing the functional and psychological states

of these six men who were being subjected to new and different cxmditions of

saturation diving. lSkzw and different, actually, by virtue of only one elerrent,

but ore of great ijnpjrtarlcle, 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.

'IHE DIVERS

Prolonged exposure at 450 mters'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 kekd-

ry of similar experimental conditions. In addition, diver A3 had breathed

hydmx between 120 and 300 meters during HYDRA IV. As has been mmtioned, 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

Weight in kg 88 80 74
Skin surface (m2) 2.15 2.02 1.90

vital capacity (VC) in J'BTPS 6.32 5.53 6.25
fev i" 4tps· S"l 4.15 3.60 5.01

Grouqµ B

Bl B2 B3

Age 32 31 34

Height in cm 175 179 172

Weight in kg 73 75 7S
Skin surface (m2) 1.89 1.94 1.88

Vital capacity (VC) i" 43tps 5.60 5.40 4.77
FEY in Ibtps. S"l 4.16 4.09 3.57

After three weeks of preparation (medical and physiological examinations,

and training for tests) the 6 divers were in satisfactory phydical condition.

!Ihere were certain differences between the twD gmups. All three rrmbers of

group A had sound experience in deep saturation diving. A2 and A3 (CDMEX )

comex
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more than 400 days each cjn offshore oil sites, not to mention JANUS IV and

the ENTEX experinents, and Al (FRENCH NAVY) in experimmtal dives, especially

ENIEX 5. Group B was rxjre disFarate : Bl (FRENCH NAVY) had a mdictun of

experience with saturation, B2 (COMEX) quite a bit mre, with 150 days of

deep water sites plus ENIEX 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 TtDtivated to participate in testing this promising new mixture ard from

the beginning to the end of their "inmbile trip" the esprit de corps was

excellent.

SYMPTOMATOLOGY

Here are the clinical observations of grcmp a and group B recorded

chronologically for the day (D) , time (T) and depth in msw, with rrention of

breathing media.

GKEJP A

,

D t Depth Observations Divers
(msw) Al A2 A3

1/3 10 He-()2 (80/20)

Steep nutCeu - Imomnia

m ccnn6oALt ·

4 02:00 Beginning of compression (He)

Ivuomnta m

No commeylt5 " ·

14: 10 200 Compression continues (H2)

5 07:40 400 Stop (PH2 10 bars, )

10: 10 400 Resunption of coirpression (H2)

12:00 416 Fee£Ang okay, u peeAaLCg note no'unaE

nmaE ItCh pL'tatton - - "

16:00 450 (PH2:25.8 bar. PO2 : 0.41 bar)

No pe'teeptibte HPAIS e - -

Remcvthabte b'teathing cc'm6o'ut "
.Mqulcoa e jje>tt cu deg'iee 0.5 - 1 - -

FeeLs no'unaE and no HPAS

6 450 (PH2 ' 25.5 bar. PO2 : 0.42 bar)

SUght ($atigue at end Qti day

7 450 (PH2 : 25.6 bar. PO2 : 0.44 bar)

Ucallj Uight naa'tcoUS, not pe'tceµUbte - ·

Nothing e£se to nepoM - W W

cornex
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8 16:00

17:00

18.15

18:40

20:30

21:30

22: 20

8 22:20

23:00

23: 25

4 - 3

Depth Observations Al A2 A3
(msw)

450 Switch to 30 % H2 (PH2 : 13.8 bar)

SECgkut nmaC o6s.Utuction ·

Omet 06 dAAtat .t'temoR

450 Switch to O % H2 (PO2 ' 0.4 bar)

450 St'tong nacu cal Pate. Anxiety W

Inteme 6(Ltigue, had to Ue down -

Naus ea. DLzzLylu4 (without nµtagmus ) "

PmuUtLs -

TAL!uncul · " "

LO m oompression at 2 min/ireter

460 2 % O2 mixture by mask

460 Q2 by mask stopped

UoniLting, (uzzine&6

HgputbaUc AMh'tatgia (OAt ben& ) in

knees, WNAU, UtouCde,u ltau ouen) " " "

Rash wLth acute UggCu, atC oveAj

imitating (resumed mask) "

Took t g (y6 Aspegic -

Attenuation Qti Uioch but intem e {{cuUgue

and petuUtevut potl/a'uthmLeg.ia

Niggtu nea'tCg unbemabte, agLtated,

took 6 mg 0(( PoUvuuUne

460 Mea£ h1oalc oAt Eqao eaten, due to APOr

'tadic natuea, but no vomiting. Mcuthed

t@Ugue. - -

460 Resumed 2 % Q2 by mask.

pheccmuaegia. TachycamUa + 2 % Q2 by "

mask stopped

Breathing by maSk terminated -

1 VaUum tabtet 5 mg W -

460 Exacenba.tiun 06 Ltching and pUehting,

and a'tthnaCgia 06 the U.ght UouLdut

460 Still on heliox, but FO2 = 0 .6 bar

460 Beginning of canpression to 470 m

470 FaUgue, chLLU, duminu,s . Nigjjca -

moalc inteme at meats, dtuUng mmcuUut

c66oAut and when %a,tm. -

come x
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9 00:30

09:40

10:00

12:00

19:00

10 08:00

11-12

13 09:00

11:00

14 00:00

17 02:35

24 07:55

27 13:40

28 03:40

03:51

11:30 P

Oepth Cbservations Al A2 A3

470 Evutythtng 6atteL/ qUet. Steeping - - -

470 5 mg (laUum m

UaUum and PoEauanUne -

470.. PAluUaUA , &ughAt vemUgo, Rombeng

negaUve

Gene'ta£ condition becomes no'tmaC .. . W W

oAt 'temaim no'una£. W

470 Deoonpression to 450 m starts, at

2 hrs/m

466 otitu extejtna : Potydexa -

VaUuni 5 mg · .

K.A.. ditch uk£C diAappea,t Ln 4 daµ - · -

458 SUgkt tttemo't. Moduuute nasal uba- D - .

tutcUon. a W .

Some mus cu£an :twttcjUng W

450 ExutcLsu camUed out in the d'uj, - " -

Fo/un mthen medioc'te. - - m

450 TmiinU taUth /5.6 % M2 bneathed

450 6ok 30 nUiu. ThLs tut iuzpo'uted cu - - -

unp£ecuant by the divem, cato qa a

deg'tee 3 mulc!(m.( 6. . . .

Foam nathett mdAocne W m

Beginning of final decompession with

PO2 of 0.6 bar to 350 meters

350 PO2 0.5 bar

Nothing to 'tepo'ut - - P

120 PJ2 0 .6 bar

15 P(J2 24 %

1 PUN in .the hneu : plulc Q2 by mask a -

4 Recrmpression to 4 m, then reoompres-
.

sion at 90 min/m. Pain 'te,Ueued W

0 Divers leave chhamber.

Condition 6atu 6aetoky · e .

cornex
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D T Depth Observations Divers
(F1\SW) Bl B2 B3

5/7

10 02:00

14:10

11 07:40

10:10

m

12:00 W U

W

O

16:00

P

e

W

P W

W W

W

m

12

W D

e a
0

¶ 13

14

15

10 He-O2 (80/20)

SLeep medioe'te, Znytoving iS econd vUghit ·

He compression starts

Steep intemUttent -

200 Compression continues on H2

400 Stop. (PH2 10 tars)

400 Ctmpression resunes on H2

SUgkut t'ianUent HPAS 1u»USts) ·

416 Cutaneoiu hgpes.thuia

Imp'tuaion 06 pitching when moving

about. Rombeng negative -

G/teat ea6e Qti bmzathU.ng

Ave'tage nancmU dejytee 1 to 2 O

450 PH2 ' 25.1 bar; PO2 = 0.4 bar

No puiceptUEe HPl\/S oil HPAS W

R(?ma'lhabEe bzu'.a.th.ing com{{oEt

1)oca not haue .the. Ajnp/Le&5ion otl beeing

at 46 ATA

Cutaneou hl/pe/jthuia lhgpatguia)

At .ttmu , uLSuctC imp'teaUon 06

pLtchiiig -

Tendency tcma'tdj mind wandeUng ·

MenioUzatUm di66ic!lLLtlj

On the ave'tage, ncuteoUA EeveL 2 -

450 PH2 ' 25.1 bar; PO2 = 0.4 bar

Form aveAage. PLtelitng a emation has

cLU appeatted

Cutaneotu hyputhuia pe/l&ut6

450 DL66Lc(Lety in con6o'uning to the cbty

tQAt ALequL'Lement6 . Hyputhesia pe,uAjU

450 Wet tuts we££ .totuutited U

450 wet tuts tQctC toEenated

The &ught naneoUA tends to Eqaacy1 ·

and in cuu/ ccue nevut a66eeted p'u)6eA-

Ucma£ behavicut

m

0 0

W
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d t Depth Observations Bl B2 B3
(msw)

16 00 :00 450 Beginning of final decompression by

gradually eliminating the H2 (P(J2 =

0.48 bar)

17/22 Continues at rate of 70-65 min/meter

23 02:02 300 PH2 = 9 bar. Ijecompression 60 Min/rreter

FeeEing nomnaC again and .in 6iyle 6ettee - " -

28 17:05 157 Transfer into pure heliox (PH2 = 0 ;

FO2 = 0 .6 bar) - 55 min/mter

34 09:00 12 SLight pain in knees and eatvu, ac- -

Lkued 61/ iduUing pujie Q2 by mUk

(15 m - 0) : 120 min/m)

3S 09: 55 0 Divers leave chamber.

Condition 4(Lu5 6actoALy " " "

These observations, which we have necessarily summarized, albeit as faith-

fully as possible, in order not to becane 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 rrcdels ) and completed

by our own observations through the viewports or by intercom.

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

min themes of the experiment, hydrogen narcosis and HPNS.

NARQCGIS

!Ihe data gleaned frcm the HYDRA IV experiment permitted us to draft a fairly

coirplete but shaded description of the psychcdysleptic effect of hydrcgen

and to establish a scale of the degrees of narcosis - a simple, not a des-

criptive, scale, relating to the different levels of sensations felt and to

alteration in behavior. Here is this scale as it was published at the lOth

E .U.B.S. Congress in Marseilles in October 1984 :

DEGREES OF NAROOSIS

0 - Not Fercjeptible

' 1 - B=ly Ferc'eptjble

2 - Slight but contmllable

3 - Pronounced and capable of affecting behavior

4 - Iricapacitating, in process of evolution and dangerous
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The markers exist therefore, those touchstones so ijndjSpensable for evalua-

ting, with a precision necessarily relative but quite adequate, the effects

of the PH2 as a function of the P pelt ac

Care mjst be taken not to disregard the original aspects of this narcosis,

those Milch differentiate it fairly clearly fran the "rapture of the deep"

of air diving. The following is a qualitative break down of the effects ob-

served during HYDRA IV when the PH2was highest, at 240 msw.

NAEEOSIS P

' DIVERS : 6 - DEKH : 240 msw - PH2 : 24,5 bar

..

4

No of

Affected divers

(CAjt Qf 6)

I - SENSORY HALUJCINU'ICNS

Gustative : taste of metal or chlorine

Auditory : sounds more intense, sanetimes indistinct

Visual : light, more vIvid (dazzlirEj)

colcurs tending toward3 orange

Tactile : cutaneous hypoesthesLa, ± diffused

hyperesthesla of the flngem ,

2

3

3

4

I

2 - SCMESMESTC H7\LURWATICNS

A - At exercise

4

,

Diffused warm flushed feeling

Easy mscular effort, wittmt fatigue
B - In R.S.R. posLtion*

Disorientation, vertigo (scmetjjnes nausea)

Distortion or loss of sense of tcdily arrangment

3 - INIELLEET ANJ BEmvIcUR

Mental dispersion. Interior dLalcxµe

Instability : agitation or jrupajj]nent of alertness
£

4 - AFFE)CITVE CCMPCNENTS-

Impression of increased mscular strength and endurance

Variable euphoria or mllRieLng

Displeasure : anxiety q£ losing self-control

5 - CTHER EFFFcrs

Tendency towards drowsiness '

Breathing lapses 6.. ,

3

4

3

3

2

3

3

3

2

2

I

(DEGREES OF NARCDSIS : I to 3 +)

Z R.S.R. m Relative sensory Rest
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This synptanatology indicates prQperties close to those of anesthetic and/or

' hallucinogenic drugs. In this connection, D. Larijy of CEPISMER drew up the

following list of questions and answers after analysing the impressions of

the six divers under the influence of more or less perceptible narcosis but
not more than degree 2 or 2+ (this at 450 m with a pH2of 25.3 ± 0.5 bar) :

Is hydrcgen . ..

Hypnotic ? ,No, : Nocturnal sleep fair to gccd,

No diurnal drowsiness

Tranquillizirg ? Yes : subjects self-confident,

serene, cooperative

Anxietrrelieving ? .No, : (But not anxiety producing,

either)

Neuroleptic ? Yes : Decline in motor activity (relaxed)

Analgesic ? Yes : No muscular or articular pains during

exertion,

Ihipression of tirelessness

Blcws and wounds felt very little

Sensory ? Yes : Hyperacusia at times disgreable

In addition, sane slowiricj down of mental precesses 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.

came x
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Case of diver L, S,
DEPTH PH2 GRADE OF

EXR MSW BAR SYMPTOMS NARCOSIS

HYDRA IV
120 12.7 Decline in digital tactile seinsitivitY

180 18.6 Slight narcosis perceptible in R.S.R.±

240 24.5 Cutaneous hyperesthesia. ENFeraccusia.

COntrolling action requires great mental

effort, anxiety"prmucing. Wring rrjutine

activity subject feels more himself . De-

cline in alertness during R.S.R.

. 5

1

3

300 22.9
(trimix)

300 18.3
(trimix)

150 15.7

Sane symptoms as at 240 m, but attenuated

Narcosis barely perceptible

(Decanpressian stop) . Nothing to rqmt.

2

HYDRA V

450 25.8 Nothing to report

450 11.5 Nothing to report

450 0.0 Onset of trartjr

Arthralgia (knees, shoulders)

0

0

IIPNS

FI .A.

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

pressure, the gas µressure and the degree of narcosis had led to the predic:-

tion that for every additional 100 m 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 'g H2. To simplify matters

it was decided to set the "hydrogen depth" at 250 m. This led U) an H2-He_O2

trimix with 54 % hydrogen and a PH2 which was fairly well maintained at the
Eottcm of 25.3 bars ± 1 %. At the planned PH2 of 23 bars the level of narccj-

sis would probably not have exceeded degree 1 for all six divers, but we would

have had greater difficulty in evaluating the limits.

The consistency of the results would appear to point to the existence of a

pressure reversal effect. But this is probably not the only Factar which

accounts for the hydrogen tolerance at 450 m -- another, partial, explanation

could be the gradual increase in PH2 fran 250 m on over a 26-hcur peric'd, a

factor whichmst also be taken into consideration. AM isn't it also the

comex
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case for the H.P.N.S. which slow ccnpression delays and attenuates ?

Amore rapid transition from 0 to 25 bars OE H2 at the same depth wrmld no

doubt have enabled us better to assess the role of each factor. We had envi-

saged this, but in view of the patholcgical disorders which team A experien-

ced during the reverse changeover, we decided against it.

If countereffect of pH2/ppet ac in htunan beings is not definitively proven,

the reverse,effect, P pUt ae/pH20 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 carjpression profile down to 46 bars identical to the curve for HYDRA V.

H.P.N.S.

None of the six divers had HPNS symptans in the 300-meter zone. Nor did they

at 450 m on hydrogen. The familiar clinical picture cjf HPNS was totally

absent. No trenor, no aSymlettry, nor - prior to mycclonia - the tenseness

and febrility so characteristic of this syMrane. 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, fran 200 m going down to 200 m going up. Another re-

markable phenanenon, was the cxxnpl.et:e absence of high pressure articular

syndrome (H.P.A.S.), or the "no jcjint-juice syndrane".

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-

comfort of their spherical chamber and the constraint of ccnfirtanent (inclu-

ding the background noise of a new environmental control systan), gcxxi spirits

- due also Ferhaps to a slightnarcosis- were a soci+psycholcmcal constant

of the H2"Ele"O2 saturation.

GAS SWITCH

But teamA, after 2 1/2 days on hydrax, was switched to pure heliox while

still at 450 m. The hydrogen was withdrawn in two stages with an B-hour stop

on an intermediate mix with 30 % H2· Despite this precaution, in the hour

follcwing the switch to pure heliax divers Al and A2 had a sudden onset of

HPNS with tranor, vertigo, nausea, agitation, anxiety and fatigue, Al having

the most pronounced symptcms (cf. analytic table of syrrptans, p. 4 - 2)·

This critical phase of the syndrane was attenuated during the night under the

caiibined effects of diazepam and sleep (a sleep rerdred easier by the can-

fort of the bunks in a much larger charriber than team B's). And this in spite

carnex
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of additional ccmpression of 20 meters in stages, between 17:00 and 23:00.
0

More about this later.

As for HPAS, or no joint juice syndrane, it was literally explosive, affec-

ting nearly all of the joints, which were painful even at rest and caused

apprehension lest this be associated with osteo-articular bends.

ISOBARIC COUNTERDIFFUSION.

If, in spite of the HPNS, we decided to further canpress 2 bars, it was be-

cause of the clinical manifestations of the isobaric counterdiffusion pheno-

menon, which we could not doubt, regardless of certain anibiguities : Doppler

ultrasonic detection revealed a high number of circulating buhbles. For

exanple, I hour and 20 minutes after the gas change Al had degree 1 at rest

and A2, the most severely affected, 3+ ! After 5 hours A2 still had degree 2

at rest (cf. G. Masurel, Ch. 9, p.5). And A2'S vertigo was suggestive of a

labyrinthine accident, albeit apparently without nystagmus.

But one articular pain could conseal another, caused by bubbles, especially

inA2 and A3. Finally, the generalized rash with niggles and itching with

whichA2 was afflicted confirmed a counterdiffusion pathology.

The rest of the time cm heliox was characterized by decreasingH. A.and '

stabilization of the hpns symptoms.

DECOMPRESSION

The heliox decxx%)ression of team A following a well-tested procedure went off

without incident until the very last meter, alrrost at the surface, when the

pains in both knees felt by A3 were relieved by reccnpressian to 4 meters,

pure oxygen via mask and a slcmrdown in decarpression up to the surface (90

minutes per meter).

The decarpression of team B on hydrax with a decreasing hydrogen content to

0 at 200 m was a "first", with all of the uncertainties that any innovation

in this damain can entail. No doubt too slow at the beginning, the ccxrpres-

sion brought the three divers back to the surface without any particular in-

cidents except for sane arthraryalgia in the lower limbs felt by B3 at 12 m

and dissipated by twrj sessions of pure oxygen by mask.
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The men in team A sFent nearly 27 days in their hyperbaric charriber, and team

B nearly 29 days. bbne of them suffered from exceptional fatigue given the

conditions of prolonged confinement at 450 meters 'depth.

Besides, the dimixiutions in weight were rather small : on an average, 2.5 kg

in team A; 1.6 kg in team B.

!Ihe "recovery" time was variable and related to multiple factors .

One last remark : we are not sure that these experimental saturation dives

are less trying for the participants than 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 tirre and re-

freshing rest.

.
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"HYDRA V Nom : langxet Yves Date : .A, os. ¶5
0

B 2- La '~'µi"
FICHE D'AUTO-OBSERVATION

(a rempLLr tocu tu jouu, entre 17 et 19 hmres)

Hmre du cher : .a??. H«ire du rCve11 : .SC.?? SIESTE ? ..... ..

QuaLitC du sameil rocturne : Bon / mCdiocre / irttermittant / mauvais /
m

Re!ve3 :

AFpetit : Cjc·c1 - Obstruction nasale : rrs~k .

ETAT PSYCKIQUE _ EVALUATICN DU S.N.H.P.

.
O L 2 3 4

D2gre
cZe °0 .

Narcose

jEmpression gCnCrale :
I-cl nc3remS&a A \)hl&re)?~- m'^ Y"Q>^ .'a-q_ ,

°^=mp~"&\= . clx~= cyQ-\q Aq \, ',Cl53Fa-" ^\'\m ·m^k PWj 'jLl f:su-'T
%~m"" '" \ ' ""ub Q: '\ e~±=~^ C4.- aAr~i~^G 1-cqq, ,e,Q~b:L:'N= —QJ"» ( ta \4 E~eL,Cr m\' 1> r+")
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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 81gnificant changes between HPNS in helium-oxygen

mixture arid HPNS in hydrogen-oxygen mixture.

Few years later, the study of the effect of helium-nitrogen-oxygen

in monkey (Rostairi 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 tnsw/h was probably too rapid and traumatic, to have a signifi-

cant effect of hydrogen on the symptom induced by such rate of com-

pression and the u3e of hydrogen in diving become again interesting :

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

nitrogen-oxygen mixture ;

- narcotic potency which' night reduce some symptoms cjf KPNS.

' New investigations were carried out with hydrogen to study the

effect of thi3 gas in presaure; but at this time in man. A primary

neurophysiological study was performed during HYDRA IV experiment.

Thi3 study shown that electroencephalographica1 (EEG) changes were si-

milar to those recorded with helium-oxygen mixture ; only the decrease

in the power of alpha waves was more intense when divers breathed the

mixture with hydrogen.

II - METHODS

The tremor was measured with an accelerometer "minor tremor pick

up" MT 3T of Nihon Kohden (1-100 Hz) placed on the·middle finger of the

dominant hand. The uieasurements were performed with the arm extended

horizontally froui the body (Cpreuve du serment) during three epochs of

20 seconds, each repeated several times per day at the same hours. The

8ignal3 were analysed on line with a LSI 11/02 microcomputer (PLESSEY

comex
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Micro II) and were recorded on analogical magnetic tape... The analysis

gave the wean 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 platiniAun

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 electroerlcephalc?graph and on ana-

logical magnetic tape by twin bipolar leads (fronto polar-central, cen-

tral-tnU temjujrai, mid tempQral-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 3pectra. The results

were calculated for each frequency band :

- delta : I- 4c/s

- thCta : 4- 7c/s

- alpha : 8-14C/S

- beta I : 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 atudy the 3ubject3 put two skin electrodes around

the eyes which were maintained in place with 3paradrap for the night.

The EEG of 3leep were interpreted and the data computerized (DIGITAL

LSI 11/23) to obtain Qccurence, duration and percentage repartition of

the stages cjf sleep and the hypnogram.

The 3tatistical results were calcuiated for a group of subjects in

the same situation (means obtained from the sleeps of predive and uieam

obtained from the sleeps at 450 msw) to avoid individual variations.
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III - RESULTS

1°) HYPERBARIC TKMOR

- GROUP A

The cotnpressicm to 450 UlSW with a total time of 38 hours did not

induce increase of tremor. The tremor was riot observed during the stay

at 450 tnsw jjj hydrogen-helium-oxygen mixture (fig. I).

The shift to He-02 mixture induced tremor which'persisted during

all the stay at 450 UlSW without hydrogen and during deco[npre3sion until

200 UlSW ; it desappeared after thi3 depth.

The comparison of the amplitude between the stay in mixture with

hydrogen and the stay in aixture without hydrogen, shown an increase of

tremor only with helium-oxygen mixture which was between 50 and 100%

(fig. 2). The Mann Whitney (J-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 mrface and the tremor recorded during the stay in helium-oxygen

mixture (fig. 3) ; the difference was also gigni£icant between data

obtained with the two different mixtures at 450 idsw (fig. 3).

The analy3is of tremor during the shift from H2-He-O2 to He-

Q2 mixture gave' interesting data.

The rapid shift from 54% to 30% induced an increase of tremor,

which appeared in all the subjects with different latencies (fig. 4).

The second switch from 30% to 0% of hydrogen induced a new increase at

least in two 3ubject3 (fig. 4).

i

- GROUP B

With the team B, the increase of tremor was not significant at

least in two 8ubject3 during compression and stay at 450 wsw (fig. S).

In one subject (B3), the tremor increased the second day of the com-

presgion (150%). Thi3 'increase disappeared the first day at 450 msw

and the tremor did not reappear during the 3tay at 450 wsw with H2-

He-02 mixture (fig. S).
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Figure I :

Evolution of the middle finger tremor of

team A during the dive HYDRA V.

The increase is expressed as percentage

value for the subjects Al, A2 and A3 from

portion represents the stay at 450 m3w. The

the shaded zone represent the shift from 54%

of hydrogen.

the three subjects of

difference from control

bottom to top. The shaded

two vertical lines imide

to 30% and from 30% to 0%
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Figure 2 :

Evolution of the increase of che widdle finger tremor expres3ed as

percentage difference from control value during recording performed at

450 msw in H2-{le-Q2 mixture (H2m54%) from day J5 to J7 and in He-

Q2 mixture (H2-0%) from day Jl0 to Jl3.

The subjects are put from top to bottom,
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Figure 3 :

Middle finger tremor during the stay at 450 ld3w before and after

the change Qf mixture. The result3 represent the mean calcujated for

the data obtained the days J6 and J7 with the H2-He-O2 mixture and

for the data recorded during the days jlO to J13 with,He-02 mixture.

The increase of tremor is expressed as percentage difference from

control value For each subject. The U-test of Mann Whitney 13 signifi-

cant between the values obtained with He-02 mixture and the values

obtained at the surface (black stam) and the values obtained wZth

H2-He-02 (white star3). The difference is not significant between

the values recorded in H2-He-02 mixture and the surface.
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Middle finger tremor during the change of the mixture. The in-

crease 18 expressed a8 percentage difference from control value.

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

The increase of tremor with 54% of hydrogen 13 repre2ented on the

left ; the increase of tremor 30 min, 3 hour3 and 7 hours after the

3hlft to 30% of H2 13 represented on the middle ; the increase of

tremor, 1 hour, 17 hours and 26 hours after the 3hift to 0% of hydrogen

18 represented on the right of the figure.
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2°) EEG CHANGES

- GROUP A

The compression with hydrogen-helium-oxygen mixture induced a de-

crease in alpha and beta activities in all lead. This decrease persis-

ted during all the stay at 450 mw. The return to control value ap-

peared during decotnpresMon after 300 id8w (fig. 6).

During the compressioa, the increase of slow waves was recorded

only in one subject (A3). This increase was around 200% for theta fre-

quency activitie3 between 400 and 450 lllSW on fronto-central and centro—

temporal leaU. This increase persisted around 100% during all the

stay with H2-He-O2 mixture ; it desappeared during the stay in

helium-oxygen mixture (fig. 7). This increase was not recorded signi-

ficatively in temporo-occipita1 lead. The increase of the power of

delta activities recorded during the compression was around 100% on an-

terior (Fp-C) and central (C-Tm) lead3 ; it disappeared after the shift

to helium-oxygen mixture. A decrease of the power of delta activities

was recorded in posterior lead (Tm-O).

A second subject (Al) presented an increase of theta activities

(around 100%), only during the 3tay in hydrogen-helium-oxygen mixture

(fig. 8). This increase wa3 predominant on anterior lead (Fp-C). Ch

this subject, the theta activitie3 were also depressed in µsterior

lead (Tm-O).
P

The third subject (A2) did not present significant increase of

theta activities (fig. 9). The power of delta activities was decreased

ijot 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 3hown that .

the increase of theta activities was recorded only with the mixture

composed with hydrogen (fig. IQ). This increase was significant (Mann

Whitney U-te8t - P <0.05) ; it was also 3ignificant comparatively tQ

the values obtained with helium-oxygen mixture (P<0.02). The analysis

of the power spectra before the shift of the mixture shoma peak of L

theta activity which disappeared with the helium-oxygen mixture (fig.

11). Nevertheless, at the end of the stay and at the beginning of the

comex
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Figure 6 :

Evolution of power spectra of alpha frequency band as a function

of depth on posterior lead (Tm-O), the eyes closed (E.C).

The increase of the power is expressed as percentage difference
0

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 ii18w ; the interrup-

tion of thi3 shaded portion represents the change of the mixture,
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Evolution of EEG power spectra as a function of depth OIl anterior

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

The decrease of the power is expressed as percentage difference

from control value3.

The evolution of the power is represented for each frequency band

from top to bottom : delta, theca, alpha and beta 1.

The shacied portion represents the stay at 450 msw. The interrup-

tion of this portion at J8 represents the period of the change of the
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Increase of the power of theta activities on the anterior lead

(Fp-C) during recording carried out in H2-He-O2 (H2=54%) at 450

, msw from J5 to J7 and during recording in He-02 at 450 msw from JlO

to jl3.

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

carnex



5 - 15

& _
G
~

'5

8
'A
#
V)
0

O
a
C

C
G)
cn

Z
E
m
G
Op

S
O

Q>
m
~
"O

e
D
0
In

E
Q)a
C
V
X

S
O
m
-
~7
D
.C
_
'S
.I?
.C}
3
Cl

FU
T?
m
E
i

m

G

O
G

"D
Q)
_
E
V)
G

m
[~
d
4)

3
CB
·^

T?

'D
-»
en
:7

a
q>
I)

g
CL
O
6

qp
£)

¢
qj

£
a
C

>
m
E
C

E
4)
G &

-

E
E T)

2b
O In

~ mii

= O
© ~

g!
8Z
u. lb

QE
E A>

CE "Q
uj G
Q. 3

£2
y

VP

9? g
fi

i!
Q G

V
n

HYDRA 5
POWER SPECTRA
Fp-C _ E.C.
SU:A1

4

A I

I I C/S |a,u.=1L
0 ID CD

Surface

J 6 54°/o H2 J 12 0°/0 H2

A A

0 ID ZD a ID m

450M 450 M

%

Figure ll :
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decompression, the power of theta activitie3 increased again until 100%

in subject A2 and even 200-300% in subject A3.

The change of mixture induced an increa3e of slow-waves especially

theta in fronto-central and centro-temporal leads in all the subjects

(fig. 12). This increme appeared in the first hour after'the switch

to 30% 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
.hourm The subjects A2 seemed to have a depression of his EEG activi-

ties in every frequency bands analyzed,

The increase of theta wa8 characterized by the appearance of

bursts of slow waves of high amplitude (fig. 14). "

- GROUP B

With the team B who stayed all the time at 450 msw with hydrogen-

helium-oxygen mixture, similar EEG changes were recorded.

During the co[npre33ion, the power of alpha activities decreased in

all the subjects (fig. 15) ; this decrease persisted during all the

3tay at 450 tll3W ; it disappeared during decompression around 300 idsw

before the disappearance of hydrogen in the mixture. The power of beta

activities was slightly depressed at 450 msw in all the subjects.

The increase of the power of theta activities was more consistent

with this group ; it appeared on anterior (Fp-C) and central (C-Tm)

leads ; it was not recorded on posterior lead (Tm-O). It appeared

during the compression in two subject3 (B2 and B3) (fig. 16, 17) and

during the stay in Bl (fig. 18). The increase of theta activities

which wa3 of 100 to 500% according to the subject, persisted during all

the duration of the stay arid disappeared during the decompression at

different times according to the subject : rapidly in subject BI

(around 430 wSw) ; around 300 UlSW in subject B3 ; it was always present

in subject B2 when we stopped recording at 160 msw.

An increase of the power of delta activities around 200-300% was

recorded on anterior lead (Fp-C) of 8ubjects Bl et B2 ; it followed the

mme evolution than theta activities.
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Figure 12 :

Evolution of EEG power spectra of theta Jifequency band as a func-

tion of.depth on anterior lead (Fp-C) of the three subjects of the team

A.

(For the legend see figure 6).
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Figure 13 :

Evolution of the power of theta activities of the three 3ubjects

of team A during the change of mixture.

The increase is expressed as percentage difference from control

value.

On the left of the figure, the increase In theta activities with

54% of H2. On the middle, the increase of theta activities, 30 tnin,

3 hourmand 7 hour3 after the shift to 30% of H2. On the right, the

increase of theta activities, 1 hour, 3 hours, 17 hour3 and 21 hours

after the shift to 0% of H2.
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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 132 during the dive.

(For legend see figure 7).
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Evolution of the EEG power spectra as a function of depth on ante-

rior lead (Pp-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 8ccomj 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

t

The sleep duration was decreased from the first night of compres-

sion in B3 (5H 00 against a mean duration of 7H 00 during the predive)

(table I) ; it w83 decreased from the second night in the subjects Bl

and B2. This decreme persisted during the stay at 450 UlSW ; it was

slight in BZ (30 [ninute8) but important in B2 and B3 (wore than 2

hours). The comparison of the mean duration for the 3 subjects for the

3 Ilight3 of. the predive and 3 nights at 450 msw gave a significant de-

crease of 451,81 nin + 39 min to 344 mtin + 70 min (Wilcoxon test : Wm1

- P<0.01 - n=9). During the compression, the sleep duration returned

to values which were near the predive values.

b) Sleep. cycles

The number of cycles during the'dleep which was of five per night

during predive, decreaaed from the first night of compression to the

la8t night at 450 tnsw in subject B3. With Bl and B2, this decrease was

recorded the second night of compression and the two first nights of

the stay (fig. 19). The number of cycle increased during decoulpre3-

sion (6 to 8 cycles).

C) Stages of sleep

The duration and the percentage of duration were disturbed.

The awake periQd3 were increased. The occurence was increased

only in B3 and the changes for the group were not significant. The

duration and the percentage duration were increased at 450 msw compared

to the results of predtve (fig. 20, 21, 22) : predive mean duration 16
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B.] B.2 B.3

Confinement 7H33 ± OHl9 7R56 ,+,'0Hll 7H00,+, OH26

J.5 6E!46 8H00 7Hl5

J,7 8H29 8H06 7H10

J.8 7H49 7H45 6H28

Compression

J.9 ' 6H26 8H06 4H59

J.10 6H04 6H21 5H23

SCjour 450 m 7H00 ± OH34

J,11 6H56

J.12 7El29

J.13 7H26
q

J.14 6Hl6

5H32 ± IH38

4H20

6H37

5H39

4H47 + 01129

4H46

4H52

4Hll

5H21

DCccmpression

J.15 7Kll 6H03 6Hl7

J.16 430m 8Hl2 7H50 6H38

J,17 410m 7H42 6H44 7H2!

-J.18 390m 7H54 6Hl6 7Hll

J.19 35Om 7Hl9 6H33 6H19

J,20 325m 8H37 7H08 7H28

J.21 30Oon 7H52 6H22 6H26

J,22 28Chn ' 8H26 7H37 7HQ7

J.23 256m 7H45 7Hl9 8H04

J.24 230m 7H28 7H51 5H51

J.25 20Ch 6H09 6H37 6H21

J.26 18Om 6H52 6H02

Table 1

Duration of sleeps of the three subjects during the nights of the

dive. The wean duration is given for the nights of the predive and the

nights at 450 cnsw.

carnex



5 - 26

in
:C
~
:C; " t
C
O
0^
V)

4)
cn
e

C

C
O
U>
W

V
a

E
m
6
t

Q

V
M
_
"O

C
D
a
V)

E
a

G
V
~
-

'R
.E'

~

3
CI
=

S
,[J.Cl
D
a
(I)

'D
ID
E
i

©

15
G

P
Q)
__
E
U>
C
¢0
¥-
~

ri
Q>
aO'
G)
'g)

"D

G)
U?

a
:J
O
D
O
:?

T)
O

a
V
.
QP

.Li
M
Gb
.A
~
Q}
r

M
E
C

E
O
= ^

~

.!i
i2C O
O V>
= m
ii

= CI
m "

. C
ii

8jj
W Q)

0£
E .Q>
m 'U
up G
m :J

%
m @

Zf
tn

ii

E
qj

2!
V D

HYDRA 5_SOMMEII _E31

Tin

10j

'0qo[ m
m m

200-

cycles

n 8

riM

m

7

I '

¶

m

µL, 6

100-
,_n-m

200-

1OqO A¶

200-

'°: m

' 200-

'°: "T
300-

200-

ma rnjTLATrh '

0_ & rlkYTkn1 '

I Ml-n

bnt
t?ni7Rsn 3

P

': rriU
cont comp.

T
4 SO

2
h

b P'

T>A'
430 300 200 M

Figure 19 :

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

during the dive. The histograms represented the duration of one

cycle : slOw waves sleep (white zone) ended by paradoxical :4eep (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

B1 during the dive.

.. The stages of sleep are represented from bottom to top, from awake
periods to intermediary 3tages. From left to right, we have the night3

of the predive (conf), the compression (comp), the 3tay at 450 IliSW

(450) and the decompression from 450 to 180 msw.
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Figure 21 :

Evolution of the percentage duration of the 3tages of sleep of

mbject B2.

(For the legend see figure 20).
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Figure 22 :

Evolutian of the percentage duration of the 3tage3 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 - 21%

of the sleep duration (W=0 - P <0.01). The duration of awake period

decrease during decompression.

The stage I of sleep increased during the compression and during

the 3tay at 450 UlSW. The Qccurence increase from 16 during predive to

28 at 450 msw (Wilcoxon test : Wmjj - 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

decompre88jon the stage 1 returned progressively to predive value3.

The stage 2 of sleep presented different modifications. The occu-

rence increased dlightly in Bl et B3 ; it decreased in 82. The cow- '
parison of the mean Qccurence obtained from predive and from the night3

at 450 tnsw wa8 not significant. The duration of this stage increased

in twQ subjects (Bl and B3) ; it was decreased in B2. The comparison

of the wean obtained during predive (152 miin) and that obtained from

the nights at 450 tljSW was not significant. The percentage duration of

the 3tage 2 was incremed ; this increase was in relation with the de—

crease of the duration of the sleep in all the mbject (fig. 20, 21,

22) : it was of 32% for the predive and of 40% at 450 1Il3W (W=5 -

P <0.05). The percentage returned to predive value during decompres-

sion around 300 wsw.
.The stage 3 decreased. The occurence decremed during the com—

pression and the stay at 450 1RS1d (Wm4 - P <0.05). The duration was of

147 Mnutes,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 ; 14,77% 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 ujsw (fig. 20, 21, 22).

The stage 4 decreased and even disappeared in some subject. The

occurence become around zero (Wm0 - P <0.01). It disappeared in B2

and B3 during the compression and the 8tay at 450 idsw ; it disappeared

the first and the second night in Bl. The duration and the percentage

duration also decreased (Wdj - P<0.01). The stage 4 did not reappear

3ystelnatically 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

comex
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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 frow 15% during predive

tO 10% at 450 lllSW (W=5 - P<Q.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 <0.01). They returned progressively to control

values during decompression.

IV - COMENTS

1°) CLINICAL SYMPIUMS

¶ ¶

The neurophysiologica1 studies performed during HYDRA V have shown

that hydrogen-helium-oxygen mixture with a percentage of 54% of H2

did not induce tremor or other clinical symptoms of HPNS (dysuietria,

fasciculation, drowsiness). The transient tremor recorded on subject

B3 8CCfllS tO be in relation with a stress due to the thermal incomfort.

This 13 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 sfjow3 that the values of

tremor obtained in thi3 dive are the lightest and that they are at the

lower part of the scale of the values obtained with He-N2-02 oiix-

ture. The tremor recorded with the same curve of compression in He-

Q2 mixture is at the higher part of this scale (Rostain et al.

1984c, d).

The suppresMon of tremor and of other clinical symptoms of KPNS

indicate8 that the hydrogen-helium-oxygen tnixture with 54% of H2 is

efficient to prevent the appearance of these 3ympto[os.

The tremor appear3 rapidly after the change of the mixture, This

phenomenon might be the consequence of the disappearance of hydrogen

which was necessary to suppress the tremor ; it might be also the

consequence of the fast increase of helium and in thi8 case it would be

equivalente to a rapid compression. The persistance of the tremor
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after the shift suggests that the two phenomenons are present.

2") EEG CHANGES

i

1

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 ob3erved during HYDRA IV

experiment (Carlioz et al. 1984). Nevertheless, during HYDRA V, with

the team A this increase was equivalent with H2-He-O2 and He-()2

mixtures.

The increase in slow waves appeared during the compression or the

stay with K2-EIe-O2 (100 a 500%) 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, 1984c), or during ENTEX IX at 450 idsw with helium-oxygen uiixture

(Rostain et al. 1984c).

With the team B, this increase in theta activities persisted

during all the stay and desappeared during decompression at depths aria-

logom to those noted for other decompresMmn.

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 wa8 recorded

during the te3t performed 7 hours after the shift, suggests that thiA

maMfestation is in relation with the rapid change of the mixture and

the sudden increase of helium partial pressure ; it might be equivalent

to a fagt cornpression effect,

After the change of the mixture, during the 8tay at 450 wsw in

helium-oxygen, the power of theta activities was equal or less than the

power of the coRtrol value8. This change which was never observed

before could be related with a secondary effect of the mdden change of

the mixture... Thi3 hypothesis would be confirmed by the progressive

increase of theta activities which was recorded at the end of the stay

and at the beginning Qf the decompression ; but the mecanism can not be

explained yet.

The results of EEG studies indicates that the H2-He-02 mixture

with 54% of hydrogen induce similar changes to those recorded with He-

comex
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N2—02 ou He-(j2 at 450 wsw with the same compression curve.

3°) SLEEP DISTURBANCES

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

shown :

- a decrease of sleep duration

— an increase of awake periods

— an increase of stage I

— an increase of percentage duration of 8tage 2

- a decrease cjf stage 3

— a di3appearance of stage 4

— a decrease of paradoxical dleep and intermediary 3tages.

These changes are recorded during compression from 300 IllSW 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

mixturem During a dive, generally the sleep duration decreased (Rap-

port DRET 79/131 ; Rapport ENTEX V). The increase of awake periods and
V

>

stage I are observed in every dives (Rogtain et al. 1973, 1981 ; Ros-

tain et Regesta 1976 ; Rapport3 DRET 79/131, 80/642, 83/1130).

The duration of stage 2 is not increase, contrary to the observa—

tions carried out in other dives ; but the percentage duration is in-

creased since the duration of the total sleep 13 decrea3ed.

The decrease of 3tage 3 and 4 and even the disappearance of the

last one is cla88ically seen in diving from 300 msw (Rostain et al.

1973, 1981 ; Rostai.n et Regesta 1976 ; Wilcox et al. 1976 ; Towsend et

Hall 1978).

The decrease of paradoxical 31eep and of intermediary stages is

not recorded systematically during other experiment3. Tliis decrease

has been observed at 450 msw in ENTEX V experiment with He-N2-02

mixture (Rapport DRET 80/642). !\ such decrease is observed generally

at greater depths (610 tllSW for example : ENTEX IX : Rapport DRET

83/1130).
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As we said before, the sleep disturbances have a similar evolution

that the other symptoms of HPNS and these disturbances must be consi-

dered as other symptoms of HPNS (Rostain et Regesta 1976 ;, Rostain et

al. 1981). Parameter3, such as temperature or incomfort of the pres-

8ure 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).

Consequently, the sleep disturbances in hydrogen-helitm-oxygen

mixture are similar to the sleep disturbances recorded with helium-

oxygen or helium-nitrogen-oxygen mixture during dives performed in the

same enviromental conditions. At thi3 time, with the number of sub-

.jects studied in H2-He-O2, it is not possible to evaluate the in-

tensity of the sleep disturbances comparatively to the results obtained

with other mixtures.

V - CONCLUSION

The neurophysiological 3tudies performed during HYDRA V have

shown :

- that hydrogen-helim-oxygen mixture with 54% ,of H2 prevents

the appearence of clinical symptoms of HPNS ;

— that thi3 mixture does not prevent the appearance of EEG chan-

ges ;

.- that this mixture doe8 not prevent the dLeep disturbances ;

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

tom",

The hydrogen-helium-oxygen mixture with 54% of H2 reduces or

prevents the clinical symptom oE HPNS ; this effect is probably in

relation with the "narcotic potency" of hydrogen which antagonizes the
·0

pressure according to the observations or hypothesis of several authors

(Johnson et al. 1942 ; Lever et al. !971 ; Miller et al. 1973 ;

Miller 1975). The suppression of the c1imical symptom and the im-

provement Qf the comfort of the divem produce by this mixture open new

pempectives for future deep diving.
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It is now well known that diving conditions can adversely affect the intel-

lectual psychomotor performances of the diver. The degree to which they are

affected depends upon several factors whose roles have been nrjre or less

ascertained. viz . :

- depth

- rate of access (as a function of depth)

- breathing mixture
5

The oompression curve used for this dive was previously validated on 16 sub-

jects in three experiments with a helim-oxygen breathing mix to which nitro-

gen was added at each stop. 'Ihis method resulted in an average decrease in

performance of 10 % for the Manual Dexterity test, 7 'g for the Visual Choice

Reaction Tine, and 15 % for Nurriber Ordination.

flhe sane curve was also used with a heliiun-oxygen mix, but only for two sub-

jects (ENTEX 9) .

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

untriCd mixture (Helitun + Oxygen + Hydrcgen) , we used the same tests in order

to be able to campare the effects of two different breathing gases for the

sane rates of access to 450 meters.

Very few references to psychometric measurerrents 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 Ms 450m A/lOm 450 m A+ 24/10 200 m / 10

M.D. - 9 % - 5 - 4 0

V.C.R.T. - 7 % - 5 + I + 3

N.O. - - 3 + 1 + 21

P.M.P. - - 20 - 14 - 6
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CDNCLUSION

!Ihe results of the tests previously used for the same c'oirpression curve show

definite imµovement over the heliwmUtmgen-oxygen mixture results. Further-

more, 24 hours after reaching the bottom there is total recovery for the

alertress/mnentration test and for the intellectual test of nurrber ordina-

tion. For Manual Dexterity, as is carmnly observed, there is ncj recovery evi-
dent during 'the bottom time and it can well be said that this really is due

to the effect of the pressure itself, whereas the Reaction Time and Nurrber

Ordination are imre sensitive to the effects of c'onpression.

The behavior of the divers at tirres c»uld lead one to believe that the test

results would be mediocre. But actually they were perfectly capable of ajncen-

trating t=oughout the test µriod and of maintaining their performanoe levels

For the psychomotor and mental

constraining for the subjects,

other tests, - 20 % on arrival

pronptness test, one whiCh is perhaps mre

the results are definitely lower than for the

at the bottom and - 14 % the next day. 1Ihis

test is much more sensitive to narcxjsis than the others - it was chosen for

this reason - and there is normally a certain anrjunt of difficulty in assimi-

lating the instructions and performing the required operations quickly. tlhe

tests given during decompression show a return to normal without any problems

resulting from the length of exµjsure.

cd rnex
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PSYCHOMETRIC STUDIES

Martine Carlioz, CDMEX Marseille
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In 1983 the effect. of hydrogen narcjosis on htunan 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 narcrjsis (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. Fbr even when used with helitun, the decrease in gas densi-

ty, the principal cibject 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 (MayhTurie 1985) experiment was the first in which divers were carr-

pressed and saturated on a hydrcgerl-heliummgen mixture '(55/44/1) at 450 m.

six divers participated in the experiment. Three of than tested a switch of

breathing gas without change of pressure and the other three were decompres-

sed to 200 m in the hydrogen mixture.

Hydrogen narcosis was studied by clinical observation, subjective question-

naires filled in by the divers, and psychophysiological tests by three diffe-

rent teams of scientists. Our group used the same tests as those used for

our earlier hydrogen dives :

- The Nunber Sirnilarities (N3) and Multiplications (M) tests used by Bennett

(Bennett and Blenkarn, 1974; Bennett et al., 1982) in the study of nitrogen

narcosis and by Carlioz et al. (1984) during CDMEX's Hydra IV dive in bbveriiber

1983.

- !Ihe Paced Auditory Serial Addition Test (PASAT) and a Visual 4-Choice Reac-

tion Tine (VCRT) test used in the.Hydrox A dive carried out at the Swedish
00

National Defence Research Institute in DecCmber 1983 (Adolfson and Ornhagen,

1984) .

Che of these, the VCRT, is a psycihomotor test; the others assess the cognitive

functions .

MATERIAL AND METHOIS

i - subjects

· Six divers partipated in the experjjrm)t, 3 from CIOMEX, 2 firm the FRENCH NAVY

and I from the INPP (Institut National de PlongCe Professionnelle) . !Ihey were

divided in 2 teams, A and B. Team A was coinposed of 3 divers who had already

participated in dives to 450 m on a 5 % trimix, whereas only one of the divers

in team B had been at this depth before.

co mex
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Table 1 below gives sorre of the relevant informtion oonc:ernirig the divers.

TABLE I

Diver Age (years)

Al 40

A2 35

A3 34

Bl 32

B2 31

B3 33

Previous experience

6500 dives for the French Ncivy

i experjjnental dive : ENTEX 5

Professional diver for CDMEX since 1977

2 experimental dives : JANIE IV and ENIEX 9

Professional diver for COMEX since 1977

2 experiirental dives : JANUS IV and HYDRA IV

3500 dives for the FRENCH NAVY

1 experimental dive : preparation for ENTEX 9

Professional diver for COMEX since 1979

I experimental dive : ENTEX 5

Diving instructor at INPP

Mr dives

2 - Hyperbaric crmplex

The hyperbaric facilities were those of CDMEX' s Ilyperbaric Research Center

comprising :

- 3 spheres (volune - 7 m3 x 3; internal diarreter - 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 mmfortable 6-person chanter used for the heliox phase (volurre = 33 m3;
internal diameter = 2.5 m)

3 - Dive profile
0

") E!2"_FCBZC

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

- cmpression from 10 m to 450 m in 38 hours, in helitun to 200 m, then in

hydrogen.

- bottom time at 450 m: 63 hours in mixture conjposed of 56 % El2, 0,9 % Q2 and

helhun (mean PH2 = 25.8 bar; mean FO2 = 0.4 bar) , 8 hours in mixture cxmxjsed

of 30 % HZ, 0.9 % Q2 and helitun (mean PH2 = 13.8 bar) , 172 hours in heliox

(0.9 % O2) of which 54 hours at mre than 450 m·

carnex
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- decorrpression in heliox at a rate of 1.33 m/h (or 45 min/m) from 450 m to

15 m, then I Mi from 15 m to the surface. The PO2 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 decanpression tjjn2

was 14 days 5 hours and 15 minutes.

b) For teain B

- confinement and carjpression sarre as for team A.

- bottom tijre at 450 m : 104 hours in a mix of 54 % H2, 0,9 % Q2 and helhm

(mean PH2 = 24.8 bar; K)2 = 0.4 bar).

- decmpression in hydrogen mixture to 200 mwith gradual elimination of hy-

drogen, then in heliox up to the surface, at the following rates of speed :

0.86 nVh (or 70 min/m) from 450 to 350 m

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

1.00 nVh (or 60 min/m) from 300 tD 250 m

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

0.50 nVh (or 120 min/m) from !5 m to the surface.

!Ihe PO2 was increased to 0.5 bar from 450 m to 100 m, then to 0.6 bar from

100 to 15rrt, where the Q2 percentage was increased to 24 'g up to the surface.

'Ibtal decorrpression time was 19 days 10 hours and 15 minutes.

4 - Nitrox dive

During the pre-dive training pericd, dives to 66 m in nitrox 95/5 were carried

out in a smaller ciharrber in order to obtain references for nitrogen narcosis

equivalent to 80 mon air (PN2 = 7.2 bar). Cbirpression took 3-4 mintes, ciomp-

ression plus bottom tine was 20 minutes, and decorrpression with stops took 2

hours.

5 - Trijnix tests at 450 m

!Ihe 3 rnenibers of team A were given a trimix containing 16.9 % nitmgen

(PH2 = 7.8 bar) for 40 minutes by mask durihg the saturation in heliox. The

purpose of the test was to study the effects of similar PN2 at'different

depths.

6 - PSYCHOMETRIC TEST PRJTOCOL

!'!bst of the tests used to evaluate narcosis involve the higher cerebral

functions. This mans that the nuniber of the practice tests has to be balanced

to amid learning effects and lost motivation due to ]xjrdom.rt wasdecided that

comex
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10 training rounds in the laboratory, 2 pre-dive controls in the chamber in

heliox at 10 m and 5 "Ex)st-dive" controls at the end of the dec'ampression

should be sufficient. Decrease in performance is based on individual ccupa-

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 :

- Nturber Similarities (I min)

- Multiplications (2 min)

- paced Auditory Serial Addition Test (4 min)
- Visual Choice Reaction Time (4 min)

a) Nuiriber Similarities (NS)

The NS test measures alertness and the capacity for iristantaneous cbservation

(Bennett et al., 1982). The subject looks at 40 pairs of numbers containing

fran 5 to 9 digits andchecks with a pencil a Lox for each pair where the nuu-

ber on the right differs fran the nurriber on the left. 6 different test sheets

are used to avoid Inam)rization. The nuniber of figures examined in one minute

and the nuniber of mistakes are recorded.

b) Multiplications (M)

The M test has been used by several investigators to study air narcosis

(Bennett and Blenkarn, 1974; Adolfson, 1965). In our study the subject has 2

minutes to solve with a pencil as many as possible of mltiplication problans

on one sheet of paper cantaining 40 problems of 2 digits X I digit with carry-

over. Nunibers 0, 1, 5 and multiples of ll are not used. ll different sheets of

tests were used to avoid rnemorization. The number of problans solved in 2

minutes and the number of error are recorded.

c) Paced Auditory Serial Addition Test (PASAT)

The PASAT is a mental arithmetic test which has been used clinically to

measure the rate of information processes and which has been found to be a

convenient test for estimating individual performance during recovery fran

concussion (Gronwall and Wrightson, 1974; Gronwall, 1977). The pAsl¥r has also
0 00

been used earlier to study narcosis while diving {Adolfson and Ornhagen, 1984;

LinCr et al., 1985). The subject is fran a tape recorder, via headset, exposed

to a unit digit every 2 seconds. The task is to add the 2 latest digits and

deliver the answer orally. Thus, the 2nd figure is added to the lst, 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 emissions. The replies are also recorded

in order to double-check the results later on and reduce the pssibility of

cornex
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investigator error due to misunderstanding or misinterpretation.

d) Visual Choice Reaction Timenym

The VCFU test with 4 choices is a rrtjre complex test than the VCFU' with no

choice used by Shilling and WiLLgrube (1937) or with 2 choices used by

Kiessling and Maag (1962) . A similar VCIU was used for previous experiments
P P

with hydrogen exposure (CDMEX, 1984) . Adolfson and Ornhagen (1984) used a

4-choice VC!U 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 programed by a mi-

cro carpiter program to light up at rarElan. 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 carputer 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 rarrdan as far

as both direction and timing are concerned.

e) Test given during dive

Figure 1 shews the dive profile with the schedule of the psychometric tests

given. During the nitrax dive to 66 m there were 3 test sessions in the air

chanter :

- at the surface before diving

- during tottan time at 66 m

- during decarpression stop at 15 m.

The PASAT and the VCEU 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 ± Sci on

the 4 psychometric tests by day and experimental conditions. The individual

results and the curves of the 6 divers are given in the appendix.

Figure 2A : performances on NS test ekpressed in number of figures examined

in I minute, and number of errors.

Figure 2B : performances on m test expressed in number of multiplications

solved in 2 minutes, and nurriber of errors.

Figure 2C : performances on PASAT expressed in nurrber of correct additims

(C) , nuhber of missions (0) , and nuniber of errors le) ·

Hqure 2D : performances on vcxr expressed in milliseconds (msec) and number

of errors.

Gomex
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FiSjure 1

HYDRA V dive profile and PH2 q and schedule of the psychometric tests :

1 Practice runs at surface in laboratory

2 Reference tests in chamber at IQ m in heliox

3, 4, 5 Tests during compression at 142, 245, and 400 m

6 Tests in hydrox at 450 m

7 Tests in heliox at 450 m (team A)

,

8 Tests on heliox, then on trimix with N2 at 450 m with mask (team A) :
q

Number Similarities and Multiplications

9 Tests at the start of hydrogen decompression at 420 m (team B)'

10 "post-dive" control tests at the end of decompression (heliox)
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Mean performance of! the 6 divers of Hydra V + sd on the 4 psychometric tests.
+

I 1 I PU2 m 5 bar

I " t PB2 m 20 bar

1'····+········· PEi2 - 25 bar

A : performances on Number SLULLLaritle3 test exprasised in number of figures

examined Ln I Utlnute and number of errorm

B i performanceg on MultSplLcatlons t08t expresged In number of multlpLlcations

solved in 2 ninutm and numbqr qC errorm

C i perfomancea on Paced Auditory Serial Addition Test expre33ed in number of

correct addLtlorw (C), number Qt Dmi88£orj8 (D) and number of error8 (C)o

D i perfomancm on Vimjai amcQ Reaction Tim in thou8andth8 of seconU (mec)
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I - Number Similarities

Figure 3 (A and B) shews 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 heliax for Fig. 3A. The reference value for tests with nitrogen

shown in Fig. 3b is the result obtained hmediately preceding the nitrogen

exposure).

The test is effectively learned in 4 sessions and the performances in heliox

at 10 m do not differ significantly fran the pre-dive tests. During the nit- '

tXQX 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 fran 400 m on but it does not becane

significant until the secxmd test at 450 m (P < 0.02). For the 3 subjects

who changed gas at 450 m (hydrax 56 % -' hydrox 30 % -' heliax) a sanewhat

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 Ejerformances of the 3 subjets

in heliox at 450 m does not show any difference fran the performances at

10 m (-I %).

At 450 m 3 subjects breathed by mask first heliox and then trimix with 16.9 %
N2. The performance in the NS test was -4 % ± 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 % ± 2. The corresponding value for the whole

groupe was -16 % ± 7 (P ' 0.01).

At the end of the decanpression the NS tests show significantly higher per_

formances than in the control situation (P " 0.05; P ' 0.01).

2 - Multiplications

Figure 4 (A and El) gives the results in the form of percentage ofi variation

(mean ± Sci) relative to the reference value (average of 2 tests at 10 m in

heliax for Fig. 4A. The reference value for tests with nitrcgen shewn in

Fig. 4B is Ute result obtained imnediately ;'receding the nitrogen exposure).

The practice sessions at the surface get progressively better (see Fig. 2B)

and the values in the confinenent at 10 m are close to the averages for the
practice pericd. A deterioration averaging 16 % ± 10 is cbserved for this

test during the nitrox 95/5 dive to 66 m (P < 0.05), particularly clear for 4

of the 6 divers. For the other 2 the variation showed up mainly as an increase

camex
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Fiqure 3 (A and B)

Mean variation of the performance (± Sd) on Number Similarities test in

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

on heliox for Fig. 3A, preceding test for Fig. 3B - For details, see the

text) for the 6 divers of hydra v , of for only 3 divers .

* P < 0,05

** P " 0.01

±Z* P < 0.00[
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Mean variation of the performance (± Sd) on Multiplications test in per-
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the text -) for the 6 divers o:f HYDRA Vi ..,! , or for only 3 divers I.

It P " 0.05
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in'the number cjf errors. The degree of deterioration appears less, however,

since the reference test results in the charrber were sanewhat low. During

hydrox saturation there was considerable individual variability fran day to

day as well as considerable variability among the individual subjects. But

the increase of the PH2 at 400 m and 450 m produced significant deterioration

(P " 0.01) in the results only for one test at 450 m. The 3 divers who swit-

ched frcm hydrcix to heliox at 450 m showed ilr!prcjvEnent in performance in the

intermediate gas, which continued, in heliax afterward. The percentage of mean

variation between hydrox 56 % and heliox at 450 m was 19 %. When breathing

trimix with nitrogen at 450 m the 3 divers shewed 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 % ± 6.

The measurments at 420 m at the beginning of the decanpression for 3 divers

who had spent more than 4 days in hydrctx was : -7 % carpared to the reference

value at 10 rn.

At the end of decaupression the 6 divers have recovered their pre-dive perfor-

mances with a more stable response to the test.

3 - paced Audito¶ Serial Addition Test

Figure 5 shows the same results as Figure 2C but expressed as mean percentage
of variation ± sd frcm control (mean value of 2 tests at 10 m in heliox) in

the nuniber of correct additions. The PASAT could not te given during the ni-

trox dives and trimix breathing at 450 m for technical reasons (too short

tjottam time, camnmication problans).

We did observe the following :

- gcxxi mastery of test in surface practice sessions;

- during carpression, 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 improvment was noticeable (-21 %; P ' 0.05).

- a difference in performance of the twr) 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 respnse of the subjects : the performance of sane
declined by virtue of an increase in the number of errors, others by an in-

crease in the number of omissions, others by an increase in Eoth.

- at the end of decarpression all 6 divers had ccmpletely returned to their

earlier surface performances on the PASAT.

comex



6 - 12 A

Ug
-m
~
"O

C
O
'a
cn

?:
©&
G

C
D
©
h

lb
a

>
C
m

G.
Q)

S
O
ay

£
~Or
C
2
cn
V>

E
D
a

C
Q7
m

S
C»
K
~

5
D

.C

F
g

.Cl
D
a

tb
T)
m
E
i

C
©

C

Z
T)
0
=

E
CR
G
m
b_
~

"D
a)
V)
O

"0
In

"I)

[J
'»
V)
:}

t5
C»
C)
:1

T?
O
a

g)
~
Op
JJ

¢
4?

£
g)
C

>·
m

E
C

Z
Q).C d

^

Ei
m Q)

Z "D
u

C G)
O V}
= m

?z
9 ?
S =
= D
a ~

, C

yt
u

LL Q)

c>E
E A>

e D
uj C
W 3

22
& O

z!
LIQ M
fi

9?
Q C

C»

CD E

i'q
: P

Porfomance varLation in

percentage (g)

+ 20 -

.

' + 10 _ "

° 'y ) 'yy 1Aul

"'° t4 d
·.· :"a: "

- 20 _
.. . ~

W "
. '+

iQt "

- 30 -
LO 142 245 400 450 450 450 450 450 450 420 End of deccmpre88ion DEPTH -(m)

0 0 S 20 25 25 25 13 0 D 19 0 0 D 0 D PH2 (bar)

FIGURE 5

I

Mean variation of the performance (:f Sd) on Paced Auditory Serial

Addition Test expressed in number of correct additions , in percen-

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

10 m on heliox) for the 6 divers of Hydra v ¢
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only for 3 divers ,
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4 - Visual Choice Reaction Tirne

Figure 6 gives the results ofthevcRr 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 variatiom 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 jjj hydrox). The stay in hydrox at 450 rndid not

significantly affect the VCFU results.

- for the 3 divers who switched frcm hydrox to heliox at 450 m there seemed
to be a greater decline in VCIU results in heliox as the variations found

were :

-3 % at 450 m in 30 % hydrox

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

-12 % at 450 m in heliox (72 h after the switch)

- at the end of decaupression the performances were the same as for the

pre"dive surface tests.

5 - Carparison of the 4 tests and clinical observations

Figures 7 and 8 show a camparison of the 4 psychanetric tests used. Fig. 7

gives the percentage of variation in performance ccrijpared to 10 m in heliox

for the 4 tests as Euriction of the PH2 of the breathing mixture. The per"

formance on the VCFU test: is the least affected, and the PASAT performance

the most affected. The perfomance on NS and m tests are affected by the ,

experimental conditions in about the same way. The deterioration cibserved

for the PASAT seans to be proµxtiona1 to the PH2· Fig. 8 shows the Fercen-

tage of variation in performance for the 4 tests calmring results fran

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 r«nain Exjjr for the NS

and the PASZYT or becane poor (M).

The performances of the NS and M tests could be ccrnpared with the perfor-

mances observed during HYDRA IV under a similar PH2 at 240 m (CCMEX, 1984).

For the NS test at 240 m with a PH2 = 24.5 bar the decrease of performance

in 6 divers was 6 %, and during HYDRA V at 450 m (PH2 = 25.5 bar) ll %. For

the M test, the decrease of performance was 20 % during HYDRA LV but only

9% during HYDRA V. It appears that for the M test the narcosis exparienced

by the divers during HYDRA V at 450 mwas not so pronounced as at 240 m under

the same PH2, but this is not shown by the NS test.

The slight but definite narcosis which showed up in hydrax at 450 m depth

was also revealed by the divers behavior,-which is,.briefly aria1ysed-here.

The normally serious and weli-motivated cal!po=ment of the divers during the

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

a difference in the 2 teams. In team A no diver noticed narcOsis, however

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

3 divers felt a slight narcosis. Sane of the divers'were obvieusly euphoric,

others siju?ly had trouble concentrating on the tests. Twc) 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 fran the

surface personnel they settled dawn and took the test more normally, but 4

of them were aware of their difficulty in concentrating. The PASAT had to

be started over twice because the divers had lost their train of thought

and were unable to catch up with the prcgression of the test.

The narcosis did not sean to disappear or lessen, during hydrox saturation.

The divers'behavior r€majned=ewhatvariable fran one day to another. But

with a littler will-power or stimulation and motivation fran the outside

they were quite capable of controlling th«nselves.

DISCUSSION

I - Multifaceted influences

Interpretation of the results of these 4 psychanetric tests is a rather de-

licate task in view of the canplex experimental conditions and the simulta-

neous influence of several different factors (ccxlu)ression, cxjnfinanerit, gas,

tenperaturct, etc..). In addition, the results of the other psychanetric

and psychophysiolcgical tests used in this dive are not always canparable.

It is also difficult to apply statistical methods to such a limited sarrjple :

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

a) Environmental factors not particular to diving
0

Con6inen1eyut

The influence of corifinement is related to the length of time in cxjrifinment.

In our study there was 11q difference between performances on reference tests

at 10 m in heliax and the pre-dive surface values, except in the Multipli-

cations test (see Fig. 2). It would not appear that confinment is respn_

sibbie 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 ccmfirtenent in

itself was not a significant factor during the first 3 days in the chambers.

At the end of the dive the divers, still confiiied, albeit in a larger cham-

ber had performances similar to the surface results and those of the be-

ginning of the dive. Cbnfijniement does therefore not appear to affect the

test results. The divers were nevertheless subjectively quite sensitive to

the lack of comfort of the small spheres.

Tut time

Although there is no statistical evidence, due to the snail nuniber of

cornex
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divers and test occasions, it wrjuici sean that performances on tests were

better in the afternoon than in the morning. This cibservation is substan-

tiated by the subjective impressions of sane 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-

.
chanetric tests (FrOberg, 1975) .

Length 06 .time at maximum pkc&5um

m For team A : no significant changes i.n the tests were observed after

2.5 days in hydrox at 450 m

W For team B : no tests were made on the bottan just before deca%)res-

sion began.

The results of the tests at 420 m with a decreased PH2 (19 bar) are not

sufficient to draw any conclusions concerning adaptation to narcosis.

TempUtattuuz

The canfortable tjeu?erature in hydrcgen is slightly higher than in helilun

(Srtith, 1974) . The problm of temperature control is as thctny with hydrax

as with heliox and minor variations of teu?erature and comfort may have

affected the test results. No tests were performed during a short period of

uncanfortable low temperature the first morning at maximum pressure.

b) Factors peculiar .to diving

CompALe&5Abn and p'lqa4u/lc

Rapid caupression to great depth is usually' accanpanied by a decrease in

performance which is part of the HPNS (High Pressure Nervous Syndrane) . The

carpression profile for this dive to 450 m was relatively slow and was used

previously for
.

- DREr 79/131 dive (Rostairi et al., 1980)

- ENTEX S dive (DRET, 1982)

- ENTEX 8 dive (DREr, 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 cmparison. Our subjective evaluation,

however, is that the divers were in better shape during HYDRA V than during

these preceding dives (in heliax or trimix) where the pressure was high

enough to cause decline in psychometric test performances (Lanai.re, 1980) .

Gas
00

AS a result of previous studies (Ornhagen, 1979; Brauer et al. , 1982) it is

known that helitmi has little or no biological effect on the orgartLan, and

that hydrogen has a certain narcotic potency (Brauer and Way, 1970; Fructus
e Qet al., 1984; Gennser and Ornhagen, 1985). In the present dive the

comex
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variations in performance observed could be due to caipression, to pressure,

to the gas, or to the canibiried effects of all three. Unfortunately our se-

ries of tests has to our kncwledge 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/l % Q2) had a slight narcotic effect. The rate of introduc-

tion to a given PH2 seems to have sane effects on the jjmpaj.rement of the

performances observed. The ccrrparison 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 exj;osed suddenly to a PH2 of 24.5 by means of a

change of breathing mediim. During HYDRA V, the 6 divers were canpressed in

hydrogen fran 200 to 450 m (PH2 = 25.5 bar) in 26 hours. The difference of

deterioration on the M test (-20 % in HYDRA IV; -8 'g in HYDRA V) could be

caused by the slower rate of introduction to a similar PH2. For the NS test

we cannotdraw the sane conclusion because of the snail inpairanent observed

in HYDRA iv.

2 - Appropriateness of tests for studying narcosis

A narcosis more or less proprtional 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 previmsly by Adolfson (1965) and Bennett and

Blenkarn (1974), for studying nitrogen narcosis and by Carlioz et al. (1985)
80

and Adolfson and Ornhagen (1984) for studying hydrogen narcosis.
¥

The PASAT seans to be the most sensitive of these tests, (see Fig. 7) but

the NS also shows significant variations in 25 bar of hydrogen (see Fig.3).

The broad individual differences in the Multiplications and Number Simila-

rities test results may be imputed to variations in the power of concentra-

tion of the subjects, which is corroborated by the diversbm statiements.The

VCRP does not vary as a function of PH2 and PHe, wtiich is in agreanent with

previous findings during exposuresto H2 (COMEX, 1984; Adolfson et al., 1985).

Kiessling and Maag (1962) danonstrated that performance in VCFU with 2

choices deteriorated (i.e. the time increased) by 21 * in 4 ATA of air. Un-

fortunately in our study, no measuranents were made during the nitrox tests,

tut the same testing technique (4-choice VCRT) used in another latoratory

(LinCr 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 psychanetric tests and

clinical observations are concerned, the divers experienced " a slight

carnex
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but controllable" narcQsis at 450 m in hydrox.

3 - Narcosis

In experiments with hydrcgen exposure of humans published before 1984 no ob-

servations Qf narcosis were made. The reasons were different : Case and

Haldane (1941) and Edel (1969, 1972, 1974) made shallow expsoures : IQ and

7 ATA respectively. Zetterstr&i was deeper : 160 m (Zetterstr&i, 1948;

Bjurstedt and Severin, 1948) , but his dives were open sea dives which made de-

tailed cibservations of narcosis difficult. F\irthermore, zetterstrCSm shifted

fran nitrax at appr 60 m and hydrax breathing to him must therefore have
P 0

seaned free fran narcosis. CRMEX (1984) and Adolfson and Qrnhagen (1984) re-

?orted narcosis during hydrogen exposures. The findings of Adolfson and

Orrihagen were only slight because of the relatively 1cjw pressure 13 ATA. The

QCMEX experiments showed at a PH2of 24.5 bar such a degree of narcosis that

this se«ned to be the upper limit for human exµmires 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 problans in simulated air dives. The Paced Au-

ditory Serial Addition Test is not a mental arithmetic test in a conventional

sense. The additions are sq simple that any subject - irrespective of educa-

tion - is normally able to solve mst 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 imnediate manory, which makes it pos-

sible to coordinate previous acts and experiences with caning actions. A re-

duction of the number of correct answers on PASAT can be caused by a deterio-

rated manory alone or in canbination with a slowing of the mental activity
P

and a reduced power of concentration. It is notewr)rthy that a ccryplex task

such as Multiplications test could be performed as well in a PH2 of 26 bar

(see firSt measuresnent at 450 m) as in heliox at LO 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 n'on-pacM tests such as Nuriiber Simila-

rities and Multiplications tests where the subject are left alone with the

test for a specified time pericxi. In PASAT and reaction time rr\easur(ments the

diver is "alerted" by the test every 2 to 4 sec. For the diver in water howe-

ver, it is lrnEQrtant that he can stay mentally alert although the surroundings

are monotonous and do not give "alerts". For the future it is thus important

to desirie tests to measure ability and willpcwer to concentrate.

During the HYDRA IV experiment (CCMEX, 1984) , the mitiplications test

comex
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seans to have been less sensitive to the divers'state oE alertness. The

variations were smaller and the performances were proportional to the PH2·

This difference is probably due to the different ekperimental conditions

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

after a transfer through water to the dane. This kept him alert and motiva-

ted for the tests. The pmformances on the multiplications tests in hydrax

and in air during HYDRA IV enabled us to evaluate the relative narcotic

potency for H2 to 0.21 of nitrogen (Carlioz et al., i985). We can make the

same theoretical calculation for the three narcosis tests used in KYDRA V.

W PASAT : The mean deterioration was 18.5 'g at 450 m depth with a mean

PH2 of 25.5 bar. Since = were unable to give the PASAT during the nitrax

dive to 66 m and during the tritnix breathing period at 450 m the experimen-

tal conditicms and the subjects could not be the same in our calculation.

Hcwever, the PASAT test showed a deterioration of 29 % at 75 m with a PN2 =

6.5 bar (LinCr et al., 1985). Our calculations yield a H2/N2 narcotic po-

tenc;y 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 na"cotic FQtenCy ratio of 0.14.

" Nuniber Similarities test : there was a decline of 10 % in the performance

at 450 mwith a PH2 of 25.5 bar and of 16.3 'g at 66 m with a PN2 of 7.2 bar,

giving a narcotic potency ratio of 0.17.

, On the average the ratio is 0.16, which is not very different fran the
HYDRA IV findings of 0.21, but these results are a little lower than those

estimated by Brauer et al. (1982) : 0.25 on the basis of the studies conduc-

ted by Brauer and Way (1970) and Kent et al. (1976). cm the basis of the

H2/N2 narcotic potency ratio of 0.16 we estimate the narcosis experienced

by the divers in hydrax at 450 m to be equivalenttothat felt on air at 45 m.

Our subjective observations of narcosis indicate a slightly deeper air

equivalent depth. However, as pointed out earlier the narcosis seans to be

controllable and therefore it is not possible or advisable to make too vivid

interpretations of behavior during divers time off in chanibers.

The evolution 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 (PJ2 = 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 narojsis did not disappear, and we do not pssess

sufficient results for the 3 divers who rmained for more than 4 days in

camex
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hydrogen at 25 bar.

4 - HPNS

The vau test has often been used during deep dives in heliox and trimix

(Bennett, 198la; 198lb; Bennett and Tcwse, 1971; Lmaire, 1980; 1982) and

normally an increase in the VCFU time is observed upon arrival at the txjttam

(frcm +10 to +15 *). This gradually decreases during the period spent on

the Eottam. The VCRF is probably not specific to the HPNS for it is also sen-

sitive to a strong narcosis (Kiessling and Maag, 1962). In our study, hQwever,

the vcxr shows no variation during the entire time in hydrox. Neither nar-

cjosis nor FIPNS 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 cibserved a

tendency for the vcxr time to increase (+12 %),whichmay be correlated to the

HPNS syruptans which appeared in this gas mix.

5 - Pressure - Narcosis reversal effect

Brauer et al. (1982) have established eqµations 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 % N2 at 450 m the level of narcosis calculated is 3.13. This

suggests that the level of narcosis felt by the divers during the trimix test

should have been about half that they felt during the nitrox dive at 66 m.

But this has not been verified neither by the results of our tests (e.g.

the Multiplications showed much greater deterioration on trimix at 450 m) nor

by the self-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 - Experjjnental errors

a) E/ulo/l on the pant 06 the Lnue&ugaAto^

This could be a oonsideration, particularly for the PASAT, because of the

problems of unscrambling the voices and camrunimtions. To reduce the pos-

sibility of error, the investigator first did the scoring on the scoring

sheet. The question and answers were taped. The answers were then double

checked in the laboratory by listening to the tape without the original

answer sheet, and the 2 answers sheets were then crxrpared.

comex
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.b) Cheating on .the pant Ot$ 'the diue'u

When repeated tests are performed on men in long time confinment the "sport"

of cheating has to be anticipated. The VCRT is impossible to falsify but

PASAT, M, and NS could be more or less copied on the best of the divers or

the best diver could give help to the other divers. In this dive cheating

was found to take place during sane of thelasttests of the pst-dive control

series when both divers and investigators were tired and bored by the tests.

However, w2 do not think this had any impact on the results and interpre-

tation.

CONCLUSION

HYDRA Vwas the first instance where 6 men lived in a hydrWen-heliLKn-axygen

atmosphere at 450 meters depth successfully.

The percentage of hydrojen in the mixture was around 55 % and the PH2 25.5

bar. Due to the PH2 a slight but controllable narcosis was felt by and ob-

served jjj all of the subjects in varying degrees. The narcosis was evaluated

by means of 3 cognitive tests (Nuniber Similarities, Multiplications, Paced

Auditory Serial AdditionTest) which shcwedmoderate deterioration in perfor_

mance and a broad individual variability. On the basis of these tests the

narcosis exFerierlced by the divers in hydrox at 450 m could be ccmpared to

the narcosis during air dives at 45 m.

The 4-choice VCFU test used in this experiment did not show any significant

variation in hydrox, which se~ to confirm the absence of HPNS.
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INDrvrDUAL RESULTS 'IXJ THE 4 PSYCHOMETRIC TESTS :

NUNIBER SIMILARITIES

=TIPLICATICNS

PACED AUDTTURY SERIAL ADDITIONS TEST

VISUAL CHOICE EEACTION TIME

" Individual performances

m Individual percentages of variation

" Individual curves
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0 0 0 0 0 Q Q 0 66 IS IQ LO 142 'us QOO 4SQ 050 450 <50 4$0 45$ <50 4$0 Q50 ¢50 ¢?0 70/79 52/61 4?/51 2Q/JJ 12/6.5
&1r air air air Ur air Uk Uk nLb 0LK m 00 Hd H2 H2 H2 N2 #2 HZ HZ He Ho m Hd ¢TFH2 Hd No He Hq qfo

I ,,"=, I S 20 2$ 25 25 25 lj I ., :'"|'9

129 J¢6 147 162 Isl 161 167 lbt 136 jgq
0 ) 2 L I I i J J 2

01 9J L0\ 98 101 98 9? m 97 92
} } 0 0 Q 0 0 0 2 0

m 100 LQ6 154 IS7 168 174 160 LJ6 155
Q \ 0 0 0 I i 6 J 6

16CIM 170 167 ljO }Q6 m }Q9 }SJ no b76 m 176 ISO 140
I 0 4 ? J 1 3 J 2 4 0 0 I 4 J

107fQi 110 Ill Iii 9) 02 309 90 97 90 m 129 89 m
0 0 0 0 I Q I) Q 0 P Q 2 2 D D

¶60bjl |44 ISO 3)6 Iq6 AO 349 !q0 }4¢ m 149 140 168 120
0 Q I t 0 0 0 0 Q } ? I 0 I I

IM) 184 214 209 m
0 I :1 L 4

124 129 161 1(7 141
Q 0 Q 0 Q

155 176 144 156 161
Q 0 0 t 0

1)J 124 16) 162 161 ISO lj7 166 ljO m 161167 16| 1!6 )5) IQ') I)? 3J6 15j 20J 174 m LIQ 167
2 0 0 J 0 Q Q b L Q Q Q t) 0 D 0 2 0 J L L 0 0 2

tj6 b26 Ill 142 131 US !J7 046 LIB 124 140124 136 (56 34(1 jJ3 )21 310 161 |76 167 L44 156 ISO
J I J J I 2 3 J I L 0 b L Q O 0 0 0 L t) 2 0 0 2

109 DJ} lit 13? 140 lj5 OIl ISl ISO L44 C46l)l (4'0 4$0 3)$ })7 no lag 3q6 |61 655 !66 156 162
2 0 0 6 I 0 0 3 4 I 2 Q I I b 0 0 0 0 G 0 Q L ?

lbS m 1)7 14J IE? 146 HQ m 128 147 147140 (46 152 })4 bj4 JJB jjq 1)0 1)7 lj6 jqj 140 3)6 m 35) 167 664 !64 161 862
17 17 19 n 21 2J 27 17 17 JJ 20 ?9 l:j 2Q I) t9 17 IS 21 )0 J5 JO 20 J4 t) 6 u ID 24 27 12

b.2 0.7 0.0 l.j ¢1,8 0.7 0.6 1.8 ?.J 0.0 0.50.2 1.2 (J.7 0.5 0,2 0,5 D.? 0.7 1.7 0.7 3.0 1.0 }.7 b.j ¶.J 0.} t).? Q.J 0.5 6.7
3.! 0,5 1.2 1,2 L.l 0.7 1.1 1.2 1.1 D.? 0.60,4 {.3 0.7 0.5 om 0.7 DA Q.9 1.7 0.9 9.0 CLO 3.7 t.? J.? 0.5 0.7 Q.7 Q.5 (.g

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 (;i, C) ± Sd were calculated.

Depth (m) 66 142 245 400 450 450 450 45() 450 450 450 450 450 420 End OF decompregslon

PH2 (bar) 0 Cl 5 20 25 25 25 25 13 0 0 Cl 0 19 0 0 0 0 0

PN2 (bar) 7.2 0 0 0 0 0 O 0 0 0 0 0 7.8 0 0 0 Cl 0 0

Al -16 .-3 -4 -26 -16 -30 -IS -13 -3 +1 -1 +1 -7 +3 +5 +22 +19 +5

A2 -t9 +14 +7 +7 -11 -21 +5 -6 -7 -14 -3 +24 +20 +19 +24 +59 +13 +39

A3 -19 -4 +0 -9 -2 -13 -0 -7 -4 -5 -1 +7 -26 +3 +17 -4 +4 +7

Bl -23 -2 +7 -7 -9 -29 -!7 -7 +24 +6 -t +4 +2

B2 -19 +3 +!8 +6 -L -7 -ii +22 +33 +27 +9 +18 +14

83 -2 +4 +0 -3 -I -6 +4 +5 +16 +12 +16 +12 +17

Z -16 +2 +6 -5 -7 -18 -6 -8 -5 -6 -I +6 -4 +7 +16 +15 +16 +12 +14

± Sd 7 6 7 11 6; in 9 3 ? 6 I 13 19 !2 11 e 20 6 12

Individual variation of the performance on the Number Similarities test in

percentage (%) relative to the reference value (average of 2 tests at 10 m

on heliox, except for the tests at 66 m and at 450 m under N2 where the re-

ferences were the preceding test). Mean of variation G) ± Sd was calculated.
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Al D

0

A?
0

AJ B
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0

g? D

0

BJ

0

.
D

· Sd

0
· 8($

0 0 0 0 0 Q 0 0 66 !5 IQ jo 142 245 400 450 450 450 ¢50 QSO 455 050 450 450 450 420 ?8/79 52/61 4?/51 2O/JJ !2/0.5
&Lr .jr Ur .jr .Lr ate ·1r r nib Ur h. |1. 1¶. HZ lj2 1¢2 112 m H? H2 h. If. h. K. Irk m El. r. k. k. m

rrnc 5 20 ?5 2$ ?5 2S 13 Mk 9
ch&~r m8k

sq 16 LJ is l'j 16 14 IS lj bd 65 IS 19 ?0 14 69 b4 17 3¢ IB 16 35 17 16 bO ' (6 ID 16 17 14
5 it) 5 S j 7 4 5 LO 6 4 6 J 0 y PO 6 4 ? 9 q 5 6 6 g 4 2 5 2 J

2$ ?4 ?6 24 JO 2a 27 20 26 20 20 2? J? 27 ?1 ?2 18 i') is 25 25 7$ ij 23 is 27 29 29 26 ?7
? I t ( L 3 0 4 7 t q Q I 2 q g ) b 6 ? q ¢ 0 ? ) 2 ) 4 L 4

Jl J4 IS 20 39 ?0 J9 JJ ?4 is J] JI jq )5 2') )0 2y jj 3) )8 )0 )7 )8 J: 22 }0 J9 JO )7 )6
5 I I 2 q J 2 2 4 2 2 0 ? 2 I 3 2 J ? ) S ;1 S 0 S 2 I 4 L 1

16 if ?1 22 11 25 2j 22 (7 ]6 22 2h 2$ ?7 t6 2J 16 b2 IB 26 2J 25 is 29
S Q 0 2 I L 4 2 4 I ) 4 4 I ) 2 J 2 4 2 0 0 I J

39 22 n 2j 2) 22 21 ?) ?2 n 22 L') 'n 2J 25 17 ?0 23 23 27 24 24 25 29
) 0 t S I 2 ) 4 6 0 t I 1 k q 4 2 g 7 I 2 U Q 4

2Q JO JO JJ IS 27 JO 20 ?7 JI JO JJ 36 is ?5 )7 ?9 )0 26 Jl 29 29 J2 JO
D I 2 J 4 0 Cl Q q 2 2 2 3 .) 3 ) 7 4 2 b 4 J ? 4

?2 25 ?5 2q 28 26 ?6 2$ ?1 27 2$ ?4 ;19 20 22 ?5 21 22 21 27 ?6 26 26 2$ 17 n ?8 27 27 27 jgl
6 6 ? 6 8 7 g 6 S 6 G 7 6 6 5 7 6 7 9 0 g g g 9 4 J 7 7 7 6 7

.).1 2,2 1.2 J,Q 2.7 ?.7 2.2 2.0 $.0 2.0 ?.7 2.2 2.5 2.E) CO J.8 J.B 2.5 J.) 0.7 4.3 J.7 ).7 Z.; ¢.0 4,J 2.0 2.0 2,0 1.3 3.2
1.9 J.5 1.6 6,5 1.2 2.2 1.7 1.7 2.3 1.9 1.1 ?.2 ).0 2.4 2.4 2.9 2.0 I.) 1.9 ).1 0.5 1.7 2.6 2.$ 0.8 2,1 1.0 l.j 1.8 0.7 in

Individual performances on the Multiplications test of the 6 divers during

hydra v expressed in number of multiplications solved in 2 minutes (m) and

number of errors (el. Means (q, L) ± sd were calculated.

¶

Depth (m) 66 142 245 400 450 450 450 450 450 450 450 450 '150 420 End of decompresslon

PH2 (bar) 0 0 5 20 25 25 25 25 i:j 0 0 0 0 19 0 0 0 0 0

PN2 (bar) 7.2 0 0 0 0 0 0 0 0 0 0 (I 7.8 0 0 0 Cl Q Cl

Al -13 +27 +33 -7 +27 -7 +13 -7 +20 +7 Q +13 -!3 +7 +20 +7 +13 -7

A2 -25 +16 -2 -24 -20 -35 -31 -46 -9 -9 -9 -16 -29 -0 +6 +6 -6 -0

A3 -27 +8 +11 -8 -S -8 +2 +5 +21 +2] +18 +21 -41 +21 +24 +21 +18 +[4

Bl -23 +16 +26 -26 +7 -26 -44 -16 +21 +7 +16 +16 +3$

B2 -4 +22 +12 +22 -17 -2 +2 +12 +32 +17 +17 +22 +42

B3 -4 +14 +11 -21 +18 -8 -5 -18 -2 -8 -8 +2 -5

k -16 +17 +15 -IQ +2 -14 -10 -16 +11 +6 +3 +6 -27 -7 +13 +11 "10 +11 +13

" Sd 10 6 11 16 17 12 20 22 S 12 11 16 12 14 12 LI IQ IQ 19
-

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

centage (%) relative to the reference value (average of 2 tests at 10 m on

heliox, except for the 2 tests at 66 m and at 450 m under N2 where the refe-

rences were the preceding test). Mean of variation (;) ± Sd was calculated.
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O
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· SQ

0 0 0 Q Q 0 0 0 0 a IQ le) 3Q2 ?45 goo 450 050 ¢$0 450 4$5 ¢50 020 ?0179 $2/61 4215j 2Qljj 12/8.5
Dir Dir Ur qLr Ur Ur 4Lr Ur Dir Ur Hd m Md ?12 |02 H2 H? HZ H2 Ho K0 m Hd 1110 m He Co

5 ?0 2S 2$ 25 jj 19

18 29 ]0
q6 33 J5

S S 4

65 67 61
4 L 7
0 I I

60 60 67
6 Q 1
J I I

4? 55 56
17 11 ¶1
3 J 2

JO J9 52
JO 26 15

9 4 i

st «4 68
12 J Q
6 2 I

as 54 S6
16 IB lj

20 13 12
15 lj 12

S } 2
J 2 I

j7 JO mo 16 41 45 46 jb 40 45 4? jq jj 4j j7 u u 40 )8 16 44 46
27 JO 25 22 10 (4 IB 19 13 30 b) 19 lj 0 4 3 9 tg IB 24 lj 9

S 6 4 DL 0 LO 11 I? 0 14 14 !6 ZJ bO ?8 ?2 b9 21 12 9 L? [g

69 65 59 66 G4 64 67 67 66 GB 68 6.\ 53 65 56 65 67 65 66 67 69 63
Q q jo 2 L 0 L 0 I D 0 2 0 0 ) 2 0 0 j I 0 2
I) Q Q L 4 S L 2 ? i b ¢ JO 4 ¶0 2 2 0 I I 0 q

69 68 69 69 69 69 68 68 67 69 gib 66 6[9 60 65 63 6.) 69 60 69 65 68
Q 0 a D Q Q 0 0 0 0 D I D 0 ! I J 0 9 D J t
0 I 0 0 0 Q 6 I 2 0 0 Z b b J D J 0 D 0 I 0

sq 57 60 50 61 $9 6:1 65 64 66 6) 47 30 44 j6 4f) 68 69 67 66
6 0 (i ID S 0 6 J 2 1 q 16 25 |7 )0 jq I 0 2 ?
S 4 J I J 2 I I ) 2 2 6 6 0 ) 7 0 Q 0 I

J6 I? 4t 46 S? 56 S) S? 61 C'S SI t) 42 4? )J S} 62 65 65 62
J2 26 24 20 11 IJ LJ 12 8 1¢ lb ?5 25 2¢ jq IQ S q J 6

I 6 q J 6 0 J 5 Q D 7 I 2 J 2 4 2 0( i I

69 69 69 69 68 61 69 68 60 65 6¢ 59 S) 50 6¢ 62 60 69 68 60
Q Q Q 0 0 2 t) 0 O D D Jl 4 6 0 2 0 0 0 L
0 O (g 0 I 4 0 h b 4 S S 12 S S 5 I Q I 0

56 56 56 57 60 59 60 6q 62 si 60 Sb 40 s) qg $9 57 sb 54 62 63 61 6?
IS IJ 11 lj 9 0 IQ It 7 9 ID 18 n 11 b4 11 n lj 6 ID 12 9 0

lb LI 11 g 6 6 6 G 4 J 5 n 11 9 n 2 4 J JO S '5 4 q
lj I? IQ 9 7 6 7 7 5 6 S 9 31 9 !4 t 4 4 6 7 9 4 J

2 ? 2 ) 3 4 J q J q S 6 30 7 9 0 0 8 5 ) 2 3 J
? :j 2 4 J 4 4 4 J 5 S 5 D 6 9 IQ 0 g I 4 I q 5

48
DI
IQ

69
0
O

69
Cl
Q

66
3
O

6Q
0
I

60
Q
I

6J
e

4
4

2
4

Individual performances on the paced Auditory Serial Addition Test of

the 6 divers during HYDRA V expressed in number of correct additions

(C), number of omissions (0), and number of errors (e). Means (c, o,

and e ) ± Sd were calculated.

N

Depth (III} 142 245 400 450 450 450 450 450 450 420 End of decompre3slon

PH2 (bar) 0 S 20 25 25 25 13 0 0 19 0 0 D 0 Cl

Al +5 -2 -21 -23 0 -14 +2 -5 -7 -12 -16 +2 +7 +12

A2 +2 +2 -5 -23 -2 -16 -2 +1 -2 -I +1 +4 -5 +4

A3 +2 +2 -2 +1 +1 -4 +1 -7 +2 +1 +2 -4 +1 +2

81 +2 -2 -27 -41 -32 -44 -26 +5 +7 +4 +2 +2

B2 -3 -IQ -24 -26 -26 -42 -IQ +!0 +15 +15 +10 +6

B3 -4 -6 -22 -22 -L5 -6 -9 0 +2 0 0 0

4 +1 -3 -17 -23 -E2 -21 +0 -4 -2 -IS +! +2 +4 +2 +4

± Sd J 4 IQ 12 13 16 2 3 4 8 7 9 6 S 4

.

V

Individual variation of theperformanceon the Paced Auditory Serial

Addition Test (correct additions), in percentage (%) relative to the

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

riation G) ± Sd was calculated.
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M
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A2 t
Sd

0

AJ t

Bd
D

DI L
Bd

0

b7 L
sd

0

DJ L
Sd

0

E
! sd

a
0 sd
.

0 0 0 0 0 0 Q Q Q 0 jo IQ 14? 245 4(X) 450 450 450 450 Q55 4$0 q20 78/79 52/61 q2/53 20/33 L2N.$
air alt Dir air &Lc air alt oLe &Lr 8lk Kg Hq He )12 H2 H2 HZ H2 H2 Hd Hd H3 Hd Hd iCe He Ole

5 20 25 25 25 lj 19

JJ5 J25 Jl5 J?6 J2L 315 JQ7 m )n 206 206 m m m m )|2 292 203 297 m 344
SB 61 50 77 no ]7 106 SI DJ 40 60 ?6 61) DJ 46 )9 46 40 99 47 11)5

? ? Q 2 Q 2 0 1 0 0 2 ? J 2 J 0 } € 2 2 3

313 m 309 294 276 271 275 275 285 295 204 :290 293 297 307 JOO 2% 285 ?00 jog J?0
156 m 114 49 26 IS lb 55 6? 81 57 56 53 14¢ 1)8 29 49 69 5¢ 72 It)

) Q I L 6 b L ) Q I 6 I q 4 J 6 I J ? 2 )

in )22 Jl7 104 297 JL2 204 204 289 285 290 JO7 J25 J29 J26 107 m JOO )19 )1¶ m
SQ 46 SI 4] J4 J9 3) 27 J7 54 jq 4Q ¢4 6) ¢6 b}4 45 65 68 SQ S?

8 4 J 4 ? J 6 6 9 7 S ') S .) ¢ 5 7 4 2 6 )

3Q7 J58 is) J6L JJ4 144 )16 JOB m J?4 jl7 'J21 )13 )60 ju no m :yo6
56 40 64 202 76 57 SC 36 26 I) 41 S3 53 )0 u 20 ?7 26

Q 0 Q Q Q 0 (6 O I 0 Q Q Q D ? 3 Q I

J61 J51 )50 )87 )69 ]64 m j4(j J28 J]4 m 1]6 )29 J24 )35 JIB 1)9 J¢7
70 $6 $4 6) 39 69 54 67 59 30 54 59 7) 4$ 58 6? !j9 55
0 6 0 1 ) 1 Q 0 0 0 I 0 Q 0 0 0 0 0

jgj 379 J6J ]64 JJO JJ2 )43 126 3lj j?¢ JJ5 J29 )42 ne )J7 m )50 jn
52 40 4$ 47 )7 J6 64 J7 3$ qj 40 3$ S? J9 q$ J3 S? 57

2 O Q O O Q 0 O 7 Q I Q ? I ) J J I

26J ?64 27J 291 m
?9 41 46 107 56

? 3 I ? I

2?Q ?79 280 JQQ m
J9 85 77 7L 26

} ? 6 2 J

jOb 268 joe 3QC ?80
)2 20 79 50 24

4 5 i 2 6

296 298 310 )jq 290 192
JO 'DJ 70 79 S? $5
I 0 0 0 I Q

JJO J60 326 J2S 29) JO2
50 329 63 67 45 47

2 7 0 Q I 0

30¢ )13 JQ6 1(9 m ))7
)1 3J 3$ 46 90 LID

? S O L 2 t)

371 J40 J35 339 321 m ji2 )06 JQ7 JOB JlO 315 )J9 m m )$5 m J06 m ?|5 )J1 J$0 JQJ 296 JQS m 296
66 2S 2| J4 29 29 26 22 16 20 2J IS }5 19 n J2 2J 21 [J 12 9 65 jq 21 (D lj 20

7.5 I.? 0.7 l.j 1.0 I.? !.2 C.7 2,0 1.3 1.7 2.Q Z.J t.7 2.? 2.5 2.0 2.5 2,0 ).J 2.J L? 1.7 6.$ Q.7 1,7 0.8
2,7 1.5 0.1 1.4 1.2 1.1 2.2 2.2 1,2 2.6 1.6 j.2 }.9 b.S l.j ?.4 2,7 1.5 0.0 }.9 0,9 0.5 1.2 1.8 0.5 0,5 1.1

Individual performances on the Visual Choice Reaction Time test of the 6

divers during HYDRA v expressed in average time (thousandths of seconds)±Sd

on 80 light stimulations (t) and number of errors le). Means (E, C) ± Sd

were calculated.

¥

Depth (m) 142 245 400 450 450 450 450 450 450 420 ,End oEdecompresslcjj

PH2 (bar) Cl 5 20 25 25 25 13 0 0 19 0 D 0 0 0

A! -5 -21 -2 -5 +2 +4 -0 -3 -16 +1] +!1 +8 +2 >1

A2 -2 -4 -7 -5 -0 +1 -O -8 -14 +5 +3 -0 -5 +5

A3 -7 -9 -8 -2 -7 +1 -6 -9 -6 +1 +5 -2 +1 kS

Bl +2 +3 -2 -0 +2 +4 +7 +7 +3 +2 +7 :+9

82 +3 +4 +1 +0 0 -2 +3 -9 +4 +4 +14 +11

B3 -3 +1 -2 +6 -5 +6 +8 +6 +8 +4 +1 -2

4 -2 -4 -3 -t -2 +2 -2 -7 -12 +6 r3 +6 +3 +3 +5

I Sd 4 9 3 4 4 3 3 3 4 3 6 3 3 6 4

Individual variation of the performance on the Visual Choice Reaction Time

test in percentage (%) relative to the reference value (average of 2 tests

at 10 m on heliox). Mean of variation (R) ± Sd was calculated.
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VENTILATORY TOLERANCE TO EXERCICE DURING AN

HYDROGEN : HELIUM : OXYGEN SATURATION DIVE (HYDRA V).
b

P. GIRY ("), A. BATTE3TI C"). H. BURNET C") and R. HYACINTHE Cy).

Uaing Hydrogen aa a diluent gag £or diving haa been thought O£

since 1930 (I). The £irat actual human experimental d:Lvaa uaing thia

diluent gas for Oxygen haa been performad by the Swediah Navy (2). A

8Brials of bounce dives ha3 been acholvod by EDELL"a team (3) and by

FIFE (4). ,

Moat of tha anLmal exporimenta dealt with tha neurologie

o£fect8 of tjjo gaa <5) or the decompr888ion problemg (6). In thl3

£:Lejd, a French work (6) deacribed a °'tOXZC o:f£ec:t" attrtbutmd to the

mixtura, and furthQr wirk :Lri thi8 araa has boon post-ponad. Recent

experimenta did not find thla toxdcity (7, Gardette at al on rata,

ROSTAIN st al on monkejm)(8). It secjR& that in thins experiment (dive

in H2/02 at 30 ATA with a tamperature of 29 "C), the reaulta obeervad

may be due to the combination of a very high hareotic potency of thg

gaa (PH2 · 29.5 ATA) and hypoth0rmla. The uae OE Helium for deep

diving stoppad ttzQ urgg for finding a new diving mixture.

The evidQnce of a denaity-relatod 11mitatlon to ventilation

(9, IQ) 1nducod a aoarch tor a breathing gas lighter than Helium.

LookZng at Mende1eiev"a table, it appoara that the only candidato Fa

Hydrogen. In the "BOa, lntereat in Hydrogen haa boen renlowed by thi3

aapect O£ the problom and by tho price o£ Haiium. Two aeries of human

experimenta haB bean conductad in thi8 field, one by tho FrQnch diving

company COMEX (HYDRA aor:Lea, LI), the othor by the Swediah Navy (12,

13). All the work parformed in th:i3 mrea ovidencad n nsrcotic power of

tho gaa at pregaure. However, none of thage teama did study the

pu'tablm :Lmprovoniont in tolerance to exorcise provided by the mixtura.

The Swediah team did not obmervad any dra&t1c inereaae in Vital

· EASSM-CERB, BP 610, 83 8OO Toulon-Naval (France).
" GIS do Phygiologia Xyperbare, CNRS, lq&rBejlje (Franco)

/ ' b
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(VC), Forcod Expiratory volume in 1 s (FEV1) nor tolerance to

Tho presant oxporiment (HYDRA V,

DRET) is the f:LrWt 8aturation divo uaing

dijuont gam IL intendg to ovidonce the

tolarance induced by tho uae of a H2 :

(HYDROX) br@athQd at 46 ATA, 8b compared

(H0]lox). Dua to the narcotic o££ect8 O£

aponeored by IFREMER and

Hydrogen ae part of the

modi£icatAQng in Qxorcj.ce

Ho : 02 br88thirlg mixture

to a Hq : 02 mixture

Hydrogen, PH2 ha8 baan

maintmned at 25 ATA. According to the theory OF regpiratory mochanica

ClO), the 0xpectod gain a££orded by the tornary mtxture could bq of

.lOx to 15X at maximum vantilatory rateb.

Thj8 situation 18 the only

duo to elevated PH2 (which way

vont1latlon> combine to d0crQaged

increa8ed vanti1ation). Thero£ors,

resujtctng vQwtiiation at work.

ono known in which narcotic effectm

1nter£are with the regulation of

ga8 denMty (which Miou1d laad to

no prediction can be made on the

I. MATERIAL and METHODS.

1.1. The divo.

The HYDRA v dive La a eaturation dive at 46 ATA. It waa planed
.to concern 2 Leans of 3 divers each (teama A and B). It should Lnclude

: controia for 3 daya at 2 ATA breathing an Heliox mixture

(CONFIN),compreea1on to bottom proaaure in 39 h uaing HYDROX mixtura,

8taY in HYDRQX mixtur4 of 3'days, switch to Hejiox for 3 days, then

decomproa&jon on Xei:Lox. Due to count0r-di££usion and HPN3 probZ@mg

during th0 gag 8witch for team A, toam B haa not been submitted to the

Holiox part of the experimant. Tabla I givG8 the 8chedulQd Mtuat1ona.
P

Pr088ure
ATA

2
46
46

Table r

wtay PQ2 PH2 PRo TGmporatur0
dayb ATA ATA ATA " C

3 .4 nil 1.6 · 28
2"1 .4 25 20.6 32

3 .4 nil 43.6 32

: Ex ortmental 8ituationg ach0duledbQEh tmama (performod only by toam

Code

CONFIN
XYDROX
xQiiox

for
A).

come x
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I:2. Tho divera.

Six. divQr3 voluntoored

from COMEX, 2 mLLitary dLver3,

II givea the charmcLerigitjLc8 OE

in the experiment, 3 commercial dLvers

and 1 civilLan diving instructor. Table

tho diverm

Qag:i,
Al
A2
A3

B1
B2
B3

Table II

Age Height Waight Uo2 max " vc FEV1 WVV Origin

yoara m kg ml.mn-1.kg L L. Lnm-1

40 1.89 88 39.0 6.32 4.10 196 M.N.
35 1.83 8Q 44.1 5.53 3.60 192 COMEX
34 1.76 74 40.9 6.25 5.01 171 COXEX

32 1.76 73 50.8 5.60 4.16 156 M.N.
31 1.79 75 36.0 5.40 4.09 138 COMEX
34 1.72 75 44.Q 4.61 3.57 177 INPP

: Divera anthropomQtry.
· indirQct meaaijrement according to ASTRAND (w)
M.N : Marine Nattonalo (Fronch Navy).
CCIMEX : COMEX commercial diver.
INPP : Inatltut National da Plongoe Pro£eaMmnnelle

(Diving Inetructor).

I.3. Th0 exerc:LBao and

Tho protocol

:LdonMca1 to the ono

Baturatjon d:LvQ8 (ENTEX

,

In order to evjLderlqe any ventiiatory benefit, ventilatory

' requoat haa to be great anough. The ventilatory requeet haa been

acheZved . through 6 minuteg mugcular axercise rune qOn an

oIactricalty brakad bicycle ergomatar (SIEMENS) et preaat worklosda

of O, 75 and 1AQ or ISO W. Due to a defect in tho regulation module

OE ono of the bikem the workloadg requegtad in HYDROX haa been 1.4

gr0at0r than in Heliox.

In ordor to attain tho ventilatory limits of the subjecta,

Qxternai breathing r08jgtsnceB have b0en added, identtca1 on both

tho in&plraLory and expiratory Bidog of the bre«thing apparatua.

The80 were plexigta8a dlaphragmm 1 mm thick, perfored by a

calibratM ori£1co. Tho diametera have bean choaan in 3uch a way

that tho Qxtarnat reat4tmnc08 ahould be identical in CONFIN, HYDROX

and Heliox. The goala were breathing rebiatancaa of O (RO), 10 <R2)

and 15 (R3) cm R2(Jw(L.6-1)-1 for a 81rltj8oidal braathing regLmmn of

40 L,.mn-1 (Vt · 2.0 L. f " 2O.mn-1) at tijo g88 d0nsity to be uaed.

cornex



7 " 4

n:C
~
"O

C
2
1^

cn=

£
C

$

&
E
m
G
qp
C

q
O

£
"O

C
.2
cnV>

'E
g
C
0
=

S
='
~_:7Q
E
S
!2
D
3
Cl

8
CO

E
>.
?
C>"

m
C

g
TB
V
=

E
V>
C
CO
=

iO

S
D
In

a

O
Q7
V>
:7

6
3
3
9
Cl

I!!
0
.D
4
W

£
Z
i
C

a)¢0
" Z

It
?b
O cn
2 m
e "

et

.E :3
= O
m "

, G

¥;
8%
W D

0£
u
[L 17
up C
CL 3

?8
a. U>

G

Ez
in

m &

t?
t!
m G

4)
82 E

El

ThB di££eren't combinationg. t08ted ar0 given in table III.

3ituation Workloads
code Watt»

CONFIN

HejAox

HYDROX

WO O
WO" 28
W1 105
W2" 154
wa 2LO

WO O
W1 75
W2" 110
W2 ISO

WO O
W1 105
W2" 154
W2 2LO

Diaphrugm8
code mm

RO 40.0
R2 10 .O
R3 8.0

RO 40 .O
R2 12.5
R3 11 .5

RO 40. O
R2 12. O
R3 10.5

Table III: Actual work]oad8 and realatancea
Inlpogod to the mjb?ect8

(WO" u6ed during CQNFIN. W2 used for R3)

Tho organization of a 80:Bsion is giv0n in table IV.

Divor Workload R08igtanco

' Al

A2

A3

Al '

W Q R Q
W 1 R O
W 2 R Q

W O ' R O
W I R O
W 2 R O

W O R O
W E R O
W 2 R O

W Q R 2
W 1 R 2
W 2 ' R 2

And ao on . . .

Table IV : Clrganinsation of exerciaa runa

I.4. Th0 reapiratory meaaurements aot up.

1.4.1. Tho ventitatory maaauramente.

The vQntilatory meaauremontg were performad using a

"Bag-in-Box" 8yatem already de8crtbed (14, 15, 16) equLped with a

rolling &eal 3plrometer. Tha ayatem haa baen modi£ied in mich a way

that it ail<jwed P.1 meaaurementa &nd breathing the preaaurg chamber

ga8 during the 4 firm minutoa of exercice. Recording of tho

ventijatory parameters waa dono during the la8t 2 Mnutea o£ the

exerciao runa (ateady mate period). A gaa ammpling port in the

mouthpioco allowed contlrluQum aampllng of tho braathlng gaa in

order to dotQrmine PetO2 and PetCO2 by maBB &poctromotry <RIBER QSX

Gomex
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2OO). A gas &ampling linQ f,or gao &najysi& w8& alao act in the box

C1nhajed gaa -anajyatm and in th0 bag (@xhaled gas analysis) for

computation of Oxygen conaumptSon No2) a£ter complQtion of the

run.

Hab baan moamurad :

- tidal voLume : Vt (in L BTPS),

- regpiratory rate : f (in inn-l),

~ duration of Lnopiration : TL (in a),

- mouth preaeure : P (in mb).

- FO2 and FCO2.

Haa boon Computed :

- v0ntijation : Ue " vt x,£ (in L.mn-1),

- Oxygen conmmption Uo2 m Ue (Fi 02 - Fo 02) (in L.mn STPD),

- End Tidal Partial Pressur0 of CO2 : PgtCO2 · FCO2 x TotaL

preMure (in Torr), .

" flow ratea N) by numerical dorivation of the volume a1gnal,

- actual braathing reai:8t8ncea : P I U.

1.4.2. The P.1 meaaurament_

Tho technique uaed for P.1

to tho one deacrlbad by Lind (17).

never more frequently than every 3

meagureg made during the laat 2

true P.1.

meagurgmanta haa been Ldontical

P.1 has been meesured at random

breatha, and the average of the

mn of exerciae conaidrad &8 the

I.3. Control of the subjecta.

Immediate control <j:f the aubjectB was obtained through 2

waya

PatCO2, and control of the capnigram,

Mart rata by a 3 Lead ECG.

cornex
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II. RESULTS.

Only taam A reaulta will be pre8ented here, bocmuae they

are th0 only complate 8et. Team B subjectg ha8 not been aubmttted

to th0 Heliox situation at 46 ATA. Therefore, the comparison

botwoen HYDRQX and Heliox Lb not posMbla for them.

Ail ttjo Bubjeqt8 but 8ubjeet B3 were slightly euphoric in

the HYDROX aLtuation. The exgrcise18 ha& been conaidered aa aaaier

in HYDROX by all the aubjamta, &vcn when tho actual workloadg wara

gre&t0r than Ln HQILOX. Kowov@rb aome bahavioraj modification Let

uo premme th.at there waa a sLight degree O£ narcoaLs In Hydrogen

(difficulty to calibrate transducers, bursts of laughter during MVV

meaaurementa, Qtc...).

In

re&Lstance
P

]imit8 (Ec

allowM to)

unable (due

full set of

team B, for a workload of 1Q5 W and the medium runge

R2, subject B did not f0lt that ho had rGached hia

" 170, PetCCj2 > 70 Torr). He roqueatecl (but haa not been
,

perform thQ highest work]o8d. Subject B3 has bamn

to pBychologicat res8on8) to perform any exerciaa. Tha

remjita 13 g:Lvon in the annex.

II.1. Lung function.

The reauitm of tha ventilatory clinical invoatlgation o£

tho Bubjelctm are given Ln table V :

came x
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Voiumic
Diver Ma88

g.L-1 '(Q"C)

A 1 VC
FEV1

PfVV

A 2 VC
FEV1

MVV

' A 3 VC
FEV1

MVV

B 1 VC
FEV1
llvV

B 2 VC
' ' FEV1

MVV

Air 1ATA

I .23

6.32
4.10

202

5.53
3.60

192

6.25
5.01

171

5.60
4.16

156

3.40
4.09

138

4.61
3.57

177

HYDROX 46 ATA

6. 4

6.20
3.10

33 (")

5.60
3.14

58

3.93
2.43

42

5.62
2.53

72

5. 32
2.60

68

B 3 VC
FEV1

MVV

Table V : Lung
Toam
( " )

Non moaoured

Heliox 46 ATA

807

6.03
2.90

78

5.60
2.91

66

5.93
2.43

45

Non expoaed

Non 0xpo80d

Non expomed

voLumew and flowa.
B 11&8 not bQ0n oxpoBad to Hoiiox.

burma of laught during ail trtala.

1

VC(HYDRQX)/VC(ALr) *
VC<HoILox)/VCXA1r) "
VC(HYDROX)/VC<Heliox) m

FEV1(HYDROX)/FEV1(air) m
FEV1(HelLox)/FEV1(Alr) =
FEV1(HYDROX)/FEVUHoliox) ·

MVV(HYDRQX)/MVV(Air) =
X

MVV(Heliox)/MVV(Air) X
MVV<HYDROX)/MVV(Heliox) =

.99 "/- .02 Cm "/- 3d),

.97 "I- .03 ,
1.01 "I- .02 ,

.67 +/- .15 ,
,67 +/" .11 ,

1.05 "/- .04 ,
.33 "/- .14 (with Al)
.37 "/- .12 (except Al)
.33 +/- .07 ,
.75 "/- .28 (with Al)

Thoro no vuriation in VC botween HYDROX and Haliox. The

in FEV1 La at tha Limit of sLatiatical aigni£tcance. The

in MVV La not aigrA£Lcant.

II.2. Toioranca to

In order

HYDROX, it haa

workjoadB of 110

£or a workload

(interpolated).

to

bQen dQcLdod

W and ISO W.

o£ ISO W Ln

comparo tho values betwoen Holiox and

to LntorpoLate the HYDROX val|je6 for

Table VI givea tho main reaulta obtain

Heliox (actual mga8uremerlt) and HYDRQX

connex
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Ue 'Jo2 PetCO2 P.1

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

Holiox in 43.6 2.24 57.0 3.8
ad 14.5 .33 4.0 2.3

HYDRCJX m 37.6 2.28 60.0 3.9
ad 3.6 .04 5.3 1.2

Table VI : Vantilatory nleasuromentB wIthout added
extmrnal breathing rea1atmnceo, £or a
workload Qt 130 W in Hejiox (actual) and
HYDROX (Lntmrpolatad between 105 and 210 W)
<toam A).

4

It appears thut in HYDROX (us compur'ed to H01ioX) :

· - Uo2 Lb nQt d1££erent,
- Ue la 61jLghtly decraaaed (non s:Lgnificant).

- PetCO2 la increaaed <P < .OS),

- P.1 doea not vary.
.

If CCJNFIN ia conelderod as reference situation, vQntilstcjry

m0aauremont8 in Hgliox are cLo8er to "normal" than the onea collected

in HYDROX.

Tmble VIi givQ& the samo results for the 110 W workload with

the maximal breathing raMA:ance.

CONFIN m
8d

Hel1ox m
ad

HYDROX m
ad

Table VII :

Ue Uo2 potco2 p.1

29,9 2.00 57.6 4.9
1.0 .12 8.2 .3

32.3 , 1.76 56.7 13.2
8.3 .14 2.9 1.8

29.6 1.94 62.3 '9.3
6.5 .19 7.1 2.3

Vantilatmry moamjremants with maximal
extornal reaiwtmnce for a workload of
110 W in Haliox (actual) and HYDROX
(interkolated between 105 and 154 W)
(toam ).

The results are the

Mgni£lcantjy decraaaed. Ue

PQtCO2 La higher in HYDROX

decraaseg with gaa denolty.

same than without r86istarlc0. P.1 1b

La idanticat in CONFIN and in HYDRCJX.

than in the 2 other Mtuationa. P.I

Gomex
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Pooling all the maaauremcx1t& and comparing the HYDROX

.Mtuation with the Fialiox one using Stud0nt"8 paireda t toot give8 :

- Ue' decreaaea by 8% +1- 8X (P · .2),

- PetCO2 Lncreaaea by 9x "/- 3X (P < .OS),

- P.1 decraaaea by 27X "I- lOx (P · .02).

.

Th0 anslysis of the Ue · f(uo2) rejatiormhip on all the
P

obtained reaulta aro given in tablo VIII :

Team A
.
R n aO al r P <

CONFIN
RO 9 10.5 11.1 .83 .01
R2 6 4.7 14.8 .95 "
R3 8 4.1 13.1 .98 "

HelEox
RO 9 3.4 18.7 .94 '°
R2 8 6.3 12.2 .97 '"
R3 g 8.4 13.9 .86 '"

HYDROX
RO g · 3.2 15.3 .98 '"
R2 9 5.4 12.2 .98 "
R3 g 3.6 13.2 .95 "

ALL RESISTANCES POOLED
CONFIN

22 5.8 13.2 .94 .01
Holiox

26 8.1 12.3 .92 .01
HYDROX

27 3.7 13.8 .96 .01

ALL ENVIRONMENTS POOLED
RO 26 6.3 14.2 .92 .01
R3 26 7.2 12.1 .93 "

n

18 5.2
15 3.5
17 4. 2

A"B

al r P <

13.1 .98 .01
14.9 .97 "
13.0 .98 "'

non axposed

14 3.1 15.0 .98 .01
15 5.8 12.1 .98 "
12 4.0 13.2 .96 "

PTable VIII : Relationahlp Ue " aO " a1(VO2) (all reauitm)
aO in L.mn-1 (BTPS).
al in L.mn-1 (BTPS)/L.mn-1 (STPD) of 02.

Th0 'Uopas do not dif8er d0ponding upon thg mmdium. The
0

ordinate £or VO2 u q jm greater in heliox than in HYDROX.

II.2. Neuro~muacular command of vmntdlation :

Tho nmjrQ-muacular command of ventilation has been appraclated

by a multiplQ corra!aL1on technique. Reaulta sre given in tabiea IX to

XII.

come x
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Toam A Teem A"B

R n aO al r P < n aO al r P <

CONFIN
RQ g - .2 17.3 .94 .Ol
R2 6 -24.2 22.0 .93 '°
R3 8 -11.6 19.2 .87 "

Haliox
RQ g - 1.6 20.8 .69 .05
R2 8 -23.4 552.4 .94 .01
R3 9 5.0 7.5 .88 "

HYDROX
RO 9 - 4.8 21.2 .78 .01
R2 9 + 6.9 8.1 .89 "
R3 9 - 2.6 1.0.6 .97 "

ALL RESISTANCES POOLED
CONFIN

22 - 6.8 17.8 .83 .01
Heliox

26 +10.6 7.1 .58 .01
HYDRQX

25 " 9.2 8.4 .68 .01

18 -9.3 20.0 .92 .01
18 -4.0 16.8 .77 .05
17 -7.3 16.3 .87 .01

Non expo8ed

14 -6.6 22.8 .68
14 +7.8 10.7 .73
12 +6.3 8.3 .79

.01
qq

go

ALL ENVIRONMENTS POOLED
RO 26 +15.1 9.8 .76 .01
R3 24 " 3.2 9.6 .78 "

Table IX : Rojation3hip Ue X aO " aicYTi ) (all remjita)

aO Ln L.mn-1 (BTPS)
al in L,.mn-1 (BTPS)/ mb.

The affieieney of thm mommand (eatimatod by the relatiomMiip

between Ue and 'j/ni) is groator in CONFIN than in HYDROX, slightly

greater in HYDROX than In HatioX.

Aa qhcmn in the preceBding chapter, P.1 la decreaaed Ln'HYDROX

aa comparad to FielLox. Wq tried to analyze the infiuerjc® of extarnat

Real ) , and

(role of the workload and .of the diaphragms) and the

of endogonoua paramqter3 (the actual inspiratory reaLMmnce

the braathing pattern (Vt/VC and TL) on P.1. The arialysia

1:6 done on log-log trarla£Qrnlq.

comex
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n conatant 1og(W) logcdia)

CONFIN 22 (r m .68 ")
ccmf. 1.4 .22 - .25

t stat. 3.40 (·) 3.97 (=) - 1.71 NS

Heliox 26 (r " .84 =)
coef. 2.5 .33 - .68

t stat. 4.19 (m) 6.52 (m) - 3.52 {·)

HYDRQX 25 (r 3 .84 ·)
coef. 2.0 .33 - .58

t atat. 4.40 (w) 6.74 (") " 2.99 (w)

: I (P.1) and environmental parmetara.Table X O&S non 8i nific&nt
(+) P < .& : (·) P < .01 , (m) p < .0<)1

(A) actusl workload in Watta
dla : Mmmetor of re&L8torg in mm.

It appqars that the role of the

differant in HYDROX or Hotiox, even

CONFIN. Th0 influence of the diaphragm8

In HYDROX, which had to be axpectod.

mechanical workload is not

if it is greater than in

Lb greater in Hal:Lox than

CONFIN
coef.

t 8tat.

Hoiiox
coef.

t atat.

HYDROX
coef.

t atat.

Tabla

n constant 1og(Ro€I) 1og(Vt/VC) 1og(TL)

22 (r · .90 m) '
3.5 .18 .84 1.6

14.1 (m) 3.89 (=) 4.68 (W) 8.22 1·)

26 (r X .88 =)
3.6 .47 1.3 1.6
8.70 (=) 5.75 (m) 4.13 (=) 5.96 (=)

25 (r = .89 ")
'3.9 .36 1.4 ' 1.7
9.66 (=) 4.69 (D) 4.69 (=) 5.67 (a)

XI : Loa(p.1 ) and reepiratory' meamjraments
·) P < .01 :(=) P < .001

Real in cm H2O.(Lm-1)-1.
T1 in seconda~
Vt/VC dimgn8ionlesB. "

. Only tha actual jLrlgpjLratory raeistaneeG Ghow any differentiat

effect. It 18 greator in Heltox than in HYDROX. The 8ama external

charg0 will give greater P.1 in Heliox environment.

The rolo of the CQ2 6tamuju0 on

dagcribod in table X. Even if the 81ope of

in HYDROX than in HOL:LOX. th0 origin

multiplicative coefficient) L8 greater in

P.1 for a gLvQn PetCO2, it sppeara that it

than in HYDROX.

P.1 Clog-log trarmform) is

the relation8hip La greater

ordinate (which rqprg&ont a

Heliox. If one reca1culatce

18 a]way8 greater Ln HqILox

comex
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SFtuation
CONFIN
Heliox
HYDROX

Table XII :

n aO (t mat)
22 .68 .73
26 - 1.36 1_69
25 - 2.86 3.8

Relationshi : Log(P.1(·) p < .81 : (=)

al (t atat) r P
.017 .98 .21 NS
.054 3.59 .37 (a)
.075 5.73 .76 (=)

) = aO " Al log(PetCO2)
P < .OO1.

IV. DISCUSSION.

IV.1. Lung Eunction.

¶

.

The 3wQdish tmam (25) obgerved a Might incroase in VC at 1.3

MPa, which they attributed to the effect8 of the 8tre86full aituation.
O'6¢6"4C

Wo do not'ri'tho 8ame Lncreaae. However, our Bubjgct& were under

aaturation conditions since 2 days, and the stress effect was deletad.

The increase in FEVI La at the limit, in favor of KYDROX.

Thasa remjita are comparable to tho ono obgarved by Dmhlback during

tha Swediah dive and agreeg with the purely mechaniat1c theory (18).

MVV in our situation doea not varie8 significantly, which doea

not correlatee with Dahlback'a' remj]ta nor with the theoretical

prediction8 (24). It 3ecm;g that th0 bohaviour of our d1vera (mainly Ln

subject Al) did not allowed performing correctly the tam, which may

explaZn th18 dlacrepancy. MVV 18 a tggt which depends largaiy on the

breathing pattern of the isubject. Obtaining reproducible r0ault3 needa

training an repetition of the teat in order to chooae the beat value.

In the preaent experiment, i£ tho Bubject"g cooperation cannot be

doubted, it aeema that their eelf-control haa not been ag atrSct aa in

the 1 ATA or CQNFIN meaaurementa. '

,
V

IV.1. Ventllstlon during 0xorci3c.
0 0

It appeara from thebe ramjit'a that in HYDROX, VE tendm to be
7

amaller and PetCO2 La greater than in Holiox. This can be Lnterpretad

as an alveolar hypoventitation.

.According to the puraly mochanistic th0ory of the limitation

to ventilation (18, 19, 20, 21, 22, 23), the Lntra-thoracZc

raaiatancea are amaller in HYDROX than in Heliox. Therefora, breathing

Bhouid be ea&ier, and ventt]at1on near the phyMmlogical lim1ta o£ tha

aubjocta ahoutd be greater.

Tho 0xoroise rur16 worg roported by the djv0r8 1cb& difficult

cornex
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in HYDROX than In Hel1ox. This 1& in agreement of DahlbackUs

ob6erv&tions at 13 ATA (25). Ornhagen reported (13) & slight degree of

narcoaia in tho Swediah dive.

During ax@r"QieG rur18 without added oxternal braathing

regjstance8, in HYDRQX, we ob8ervg a tondancy to alveolar
I

hypoventijation &E tenda to decreage, PetCO2 la incraaaad) ao

compared to Keliox. In Buch a aituation, tho only breathing reaiatance

aro intrathoracic, which ahould be low0r, according to the mechaniatic

theoriea O£ tha 1LmitatAon to ventilation. P.1 L3 identical Ln both

81tuationa. The impedance of the thoraco-pulmonary syatem (eatimated

by the 81Qpe oF tha 'Je' vcf'bu8 \/ini relation3hip)ia alightly amaller Ln

HYDROX than Ln Haliox. Mechanical 8jtuatzon at lung level i3 therefore

not tho cauae of these reauita. Due to elevated PetCO2 in HYDRQX, P.L

ahould have incraaaed. It aeema that th0 aenaitlvity to CO2 in HYDROX

ha8 been dacraaaGd. Such a phenomenon h88 alr0&dy boen deacribQd in

ratm Eor PH2 aa Low q5& 8.3 ATA (29). Thia could be explained by a

pharmacological effect of Hydroggn on the CO2 sen3itiv0 atructAirem

Th0 Swedish team did not obgerve any modification in exerciae

tolerance at 13 ATA. FicjwQvcr, the oxposuro duration to Hydrogen

mlxtura vjaa very ahort (leaa than 1/2 h), PFl2 waD in the low rlarcQtic

potency range, total · prasauro wm:3 low, 80 that the vantilatory Limit

to ex¢r"tion wae far from to be reached.

With uddqd m<tmrna1 r98igtances, wo ob6erve the @ama

¶phenomenona than without ragiatance, but including a significant

docroa8e :Lri P.1. The multiparmmeter regregaion anaty8Z& 3hows that thQ

amtual inapiratory ra&18tarlceg are of leBB importance in HYDROX than

in HojLox. Thim with tha mibjactdva reportg of tha aubjecta and the

clinical observation of their behavior 8upportg the hypotheeia of an

hydrog0n inducad narco818, aa pr0viougly Feport0d for Lower PH2 by

Fructua (ii) and Ornhagen (12). TIj18 nmrcogia diminiMaa the

reactivity of tho CNS (28), even on the vegetmtive WBtom (29) and,
0

for a giv0n combination of exerci80 and workload, the ventitatory

command (P.1) roault1ng from the different atimuli Lb leaa than Ln

Hellox (Mtuation in which HPNS Ray induce an hyporexc1tabllity of the

8ame 8trtjetur0a). Even wIth a decreaaed Lmpodance of tho r08piratory

co rnex
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.tract, Ue 18 lead,

leading to Lncramaed

P.1 13 included in tho

and a alight alveolar hypoventilation appearm

PetCO2. Apparently, the :feod-back of PetCO2 on

atructuree implied by thim narcoma.

It 1& qu08tjLonnubla if there La a dgcr©a&ed vontilution in

HYDROX or an incroaaed ventilation in the Heliox situation ? The

comparimm o£ Ue and PETCQ2 meamjremanta without re818tancea obtained

at depth wLth the one obtained at 2 ATAB (CONFIN) ahaws that the

Heltox eltuat1on La cLoaer to CQNFIN than HYDROX la. Thia Lmpliea that

.in the HYDROX Mjtuatton. ther8 18 a decrea8ad ventilation. It 3Qem15

that presm.ira modi£iaa the reactivity of the reapiratory 8y3tam (PAL

is lower in the 2 sets of meaaurgm@nts at depth). Hydrogen depresaes

thla aystem (decremant in tha P.l/PatCO2 ralationahlp aa compared to

Heliox).
b

.

WEth added external rematancem the Bituatlon is more

compl0x. It acoFR& that Lrj KcL:Lox, there 18 an hyperexcitability 0£ the

reaptratory ayatem (Lncreaaed Pol and YE aB compar&d to CCJNFIN). Thia

doe8 not lead8 to alveolar hYporventilation (PatCO2 rentalne at the

8ame level). Thia Lncreabed ventLLation may be a companaatory raaction

to the derereamM gaa dl£fu8ivity at the aiveojar jeval due to

Fncreaaecl gas dena1ty (23). The gain in alveolar diffusivity due to a

lighter gsg (hydrogen) :Lm to amall to Qomponaate for the narcotic

e££ecta of the gaa.

CONCLUSION.
b

Thi8 firat Hydrogen Helium Oxygen 8aturmt'ion divQ to 46 ATA

give6 regultg which cannot be expjatnad by the puraly mechaniatic

thaori08 of the limitation to ventilation Ln hyperbaric environmentm

It :La tha only known aLtuatAon in which an inoreaaed narcotic

potancy combinea with a decreased gas dormity.

It &qqm8 that the high PH2 (25 ATA) encountered La reaponaLble

of a narcoaia which can ba detected by the clinical observation of the

subjoctz. Th:LB hydrogQn induced dacr8aae in CNS reactivity haa

implication6 on the neurologLc command to ventilation. Fqf" a aame

0xerc180 and brQathing r0ststancm, in HYDROX, P.1 i8 8ma1ler than in

Hejiox. The deneiLy-ralated decreaae in thoracic impQdance La not

au££icient to compenaate tha decreaaod command, and a alight

co me x
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hypoventAAat1on, with Lncreaaed PetCO2 occurs.

It SCCAl8 that, the neurological modification& completely ma3ked

the expected thaQrqtica] benefits O£ the lighter ga3 mixture.

It ia queetionnable if the aame phanomenona would occur with

Lower PH2 and if any kind O£ narcosis may havg the Bam@ affecta on the

ragpiratory 'syatmm. What Lb the optimal PH2 not to bo overcomed in

order to koop the mechanical bane£it3 of the lighteat gaa known ?
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- ANNEX -

Individual reaulta of the meagurementB done during the HYDRA V

exporimontml dive (Hydrogon/Halium/Oxygon, 46 ATA, PO2 = .4 ATA).

- R0b : diametar of the diaphragn'm inserted in both the

Lrwpiratory and expiratory part of the breathing

ayatmm.

- W : actual mechanical workiomd Lmpoaed (in Watta),

.
" fc : mean cardiac frequoncy (in mn-1),

0

- VO2 : mean oxygen conaumptZon (in L.mn-l STPD),

- Ue : m1nuta ventilation (In L.mn-1 ATPS),

- Vt : tidal volume (in L, ATPS),

- £r : mqan breathing frequency (in mn-1),

- PM:CO2 : mQan PatCO2 (in Torr),

'— P.1 : moan occlusLon pra88ure (in mb),

- VL/tA : ntaan inapiratory flow (in L ATPS.S-1)

- Pi : mean of the avarage inspirator'y pra33tjre8 (in mb),

- P0 : mean of the avGrage expiratory pregsurea (Ln nb).

The8e reau1ts aro the mean of the valueg oF the concorned

parameter mamaured during the Iagt 2 mlnute8 of 6 minutam axarc1ce

runm

I
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CONFINemont : 2 ATA HOI:Lox, volumic ma&B at O"C x 0.86 g.L-1, t " 28"C

Rea W qijjet fc Ucj2 Ue vt fr potco2 p.1 vt/ti pl Pe
mm Yikttm mn-l (I) (2) L mn-1 (3) mb L.mn-1 mb mb

40.0
00

00

00

00

OP

PO

00

PO

00

PO

Ob

PP

00

PO

00

bO

PO

PO

10.0
00

00

PP

00

bO

OP

DP

00

Al 72 1:08 17.6 3.32 5.3
" 90 2.36 33.5 3.38 9.9
'" 1Q6 3.06 37.8 3.35 11.3
" 124 3.76 46.8 3.54 13.2

A2 no meawurommjt8
" 86 1.79 34.8 2.34 14.9
" 112 2.41 42.2 2.79 15.1
" 130 2.93 54.0 2.80 19.3

A3 106 1.94 30.9 3.06 10.1
'° 1Al 3.11 48.9 3.38 14.5

B1 71 .38 8.9 1.08 8.3
'° 89 1.LO 18.8 2.06 9.1
" 124 2.24 35.2 2.33 15.1

B2 88 .33 7.9 1.46 5.4
" 103 1.22 18.3 3.02 6.0
" 13CJ 2.19 32.3 4.23 7.7

B3 48 .40 10.3 .97 10.6
" 67 1.17 2cj.o 2.18 9.2
" iCl3 2.06 36.5 2.66 18.7

A2 66 .52 13.7 .80 17.0
" 99 2.14 33.4 2.30 15.4
" 143 2.94 56.4 2.80 20.1

A3 81 .85 18.0 1.70 10.6
" 119 2.02 31.9 2.94 10.9
" 133 2.74 38.9 3.42 11.4

Bl 67 .37 8.2 1.18 7.0
'" 88 1.20 19.6 2.30 8.7
" 126 2.20 36.9 3.30 11.0

B2 93 .40 9.8 1.70 5.6
". 106 1.2Q 18.9 3.60 5.3
" 142 2.30 34.1 4.40 7.7

B3 57 .46 10.3 1.48 7.0
'° 80 1.30 26.0 1.80 14.1
" 112 2.2Q 35.7 3.00 12.1

Al 73 .57 13.4 3.18 4.2
" 97 2.05 28.1 4.16 6.7
" 130 3.37 50.8 4.72 10.8

A2 64 no Meaguremont8
°' 89 1.82 30.2 3.15 9.6
" 139 3.19 47.7 3.22 14.0

A3 7'7 .56 10.1 1.36 7.4
" 118 1.97 29.4 3.03 9.7
" 157 3.04 39.4 3.59 11.0

81 60 .28 6.1 1.25 4.8
" 82 1.19 17.3 2.51 6.9
" 114 1.85 23.9 2.43 9.8

B2 97 .34 8.2 1.74 4.7
" 106 1.18 19.5 3.41 5.7
" 144 2.31 35.3 3.66 9.7

B3 52 .41 11.6 1.09 10.6
" 70 .82 18.0 2.29 7.9
°' 1QO 2.07 33.4 2.57 13.0

54.1 .9 .8
60.6 3.5 1.4
61.6 6.3 1.8
62.4 7.5 1.9

43.2 3.4 1.2
46.5 4.3 1.3
48.3 4.9 1.5
50.2 8.4 1.7

30.4 4.6 1:.3
33.0 7.4 1.8

42.0 .7 .4
51.4 1.8 .g
54.7 3.6 1.4

37.7 1.2 .4
52.3 3.6 .7
61.6 5.4 1.3

33.8 1.3 .5
45.6 3.6 .8
48.3 6.5 1.5

42.5 4.2 .6
49.7 7.0 1.2
46.4 11.7 1.5

39.9 2.9 .7
31.4 3.9 1.3
60.6 10.0 1.5

42.2 1.1 .3
53.1 2.4 .7
55.2 2.3 1.4

41.2 2.4 .3
58.4 7.1 .8
67.6 6.9 1.3

40.2 ].4 .4
45.4 3.4 1.0
56.6 6.8 ' 1.4

50.8 1.4 .5
67.2 4.9 1.1
62.9 11.0 2.1

41.5
31.5 4.8 .g
57.8 8.8 1.6

40.0 3.3 .5
53.5 4.5 1.2
65.1 3.9 1.4

39.5 1.2 .3
50.5 1.1 .7
59.2 2.4 1.0

37.8 1.5 .4
50.2 3.6 .8
59.9 9.0 1.4

34.2 1.2 .4
47.0 3.9 .7
30.8 7.9 1.4

1.8 .g
3.6 1.6
4.1 2.Q
3.6 2.3

.3 .3
2.1 2.5
2.4 3 3
2.8 4.2

2.5 2.4
3.5 3.7

.7 .6
1.4 1.3
2.Q L.9

.7 .5
1.4 1.0
2.7 1.9

.7 1.0
t.7 1.0
3.0 1.6

1.8 1.2
4.3 6.0

18.4 49.5

2.8 1.5
8.8 4.8

15.1 9.6

1.2 .6
3.1 2.5
6.3 5.9

00

PO

DO

BD

00

00

I .S .6
3.7 1.3
9.5 4.4 .

1 .S . 7
4.6 3.0
6.8 4. L

8.0
Ob

00

00

dp

00

00

Ob

DP

OP

00

00

GO

00

Ob

OP

40

OP

28
105
154
210

28
105
134
210

105
210

O
75

ISO

O
73

ISO

O
75

ISO

O
105
210

O
105
210

O
75

150

O
75

130

O
75

150

Q
105
210

O
105
210

O
105
210

O
75

150

Q
75

150

O
75

150

1.9 1.0
11.8 4.5
33.6 17.8

2.2 .6
10.6 22.6
21.9 53.4

3.0 1.5
19.9 9.9
49.2 25.3

1.5 1.0
4.5 4.4
8.1 10.5

2.3 1.3
5.6 3.3

15.3 11.8

2o3 1.4
3.4 2.9

13.8 8.5
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40.0
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HYDROX : 46 ATA, volumic ma88 at O"C x 6.49 g.L-l, t m 32"C
q p

W sujet fc VO2 YE Vt Er PetCO2 Pfi Vt/ti PL
Wattg inn-l (I) (2) L mn-1 (3) mb L.mn-1 mb

Pe
mb

00

PP

00

00

BD

00

00

BB

00

0D

fP

00

00

O
105
210

O
105
210

O
105
210

O
105
210

O
105
210

~ ~

6b

PP

00

00

00

00

n

00

00

PO

00

PO

PO

O
105
210

O
105
210

O
105
210

O
103
210

O
105
21Q

~ ~ ~

10.5
DC

00

PO

00

00

Ob

PO

00

VD

00

00

00

00

O
105
134

' O
lO5
154

O
105
154

O
105
154

~ ~ ~

~ ~ +

Al 69 .62 11.3 2.59 4.3 42.7 1.4 .5 .8 .7
'" 97 1.80 26.1 3.59 7.3 65.9 4.6 1.2 2.8 2.3
'° 133 3.19 49.8 3.31 15.1 62.8 6.3 1.8 2.5 2.7

A2 73 .7Cl 17.6 1.10 16.3 40.7 1.3 .7 .g 1.2
" 110 1.56 29.8 2.52 11.8 52.8 2.7 1.0 1.8 4.1
'° 158 3.42 61.6 2.93 21.0 56.55 4.4 2.Q 2.9 2.6

A3 71 .64 12.7 1.43 8.8 46.6 1.0 .5 1.0 .g
" 106 1_78 3Q.1 3.15 9.6 58.3 1.1 1.2 2.4 2.3
'° 147 3.02 46.3 3.79 12.2 65.4 6.7 1.8 3.3 3.7

B1 90 .56 10.9 1.20 9.1 47.4 1.7 .3 .9 .7
" 134 2.70 41.7 3.03 13.8 64.6 2.5 1.5 2.2 2.2
" 168 3.39 53.0 2.58 20.6 70.1 2.7 1.8 2.5 2.6

B2 104 .52 10.6 .80 12.9 46.7 2.3 .4 .7 .5
" 144 2.39 35.2 3.17 11.4 69.1 2.9 1.3 2.1 2.1
" Qxqrcice not pBrformed due to physiologicml reasona

B3 exercice not porformed due to pBychological reaaon*

AI 76 .47 12.6 3.39 3.7 46.7 1.7 .6 5.0 2.4
" 103 1.68 28.7 3.66 7.8 60.6 4.6 1.2 2Q.3 8.9
" 131 2.97 42.7 2.8'9 14.8 66.1 14.8 1.6 28.4 17.2

A2 71 .58 12.1 1.33 9.1 42.8 2.2 .5 3.5 4.2
'" 110 2.07 32.3 2.95 11.0 53.7 8.3 1.0 16.4 28.2
" 133 3.11 44.7 2.67 16.7 65.0 18.9 1.3 35.4 64.5

A3 67 .86 12.5 1.66 7.5 38.9 1.3 .3 5.2 2.6
°' 1Q2 1.83 26.6 3.17 8.4 63.8 1.7 .8 22.8 15.1
'" 160 3.04 38.6 3.39 11.4 73.9 23.0 L.4 33.5 29.8

B1 87 .·49 11.5 1.41 8.2 43.9 1.3 .5 3.9 1.7
'° 115 1.93 27.3 2.54 10.7 65.7 3.1 1.0 12.5 8.9
" 152 2.78 37.3 2.26 16.6 72.5 2.5 1.3 21.6 17.0

B2 91 .37 11.8 1_23 9.6 46.7 1.4 .4 3.1 .g
" 137 2.40 39.0 3.51 11.1 71.5 2.7 1.4 21.1 14.4
°" exarcice not performad due to physjological reaaona

B3 axercice not porformed due to paychologicaL reaaone

Al 67 .65 10.9 2.53 4.3 47.0 .8 .5 6.6 2.2
" 1QO L.88 25.1 3.33 7.5 68.6 9.3 1.0 20.5 10.8
" 126 2.63 34.2 3.01 11.4 69.2 12.9 1.4 23.5 17.0

A2 67 · .47 11.3 1.30 8.7 41.7 2.1 .4 4.0 5.3
'° 113 2.06 36.4 2.60 14.0 34.0 10.7 1.2 17.7 28.6
°° 142 2.54 43.4 2.81 15.4 61.1 16.5 1.4 24.0 38.4

A3 69 .48 - 9.3 1.38 6.9 46.0 1.8 .4 4.2 1.8
" 109 1.67 25.3 3.30 7.6 62.8 6.4 .8 24.0 19.8
" 136 2.37 30.4 3.65 8.3 70.6 10.4 1.1 29.3 35.1

Bl 88 .42 10.6 1.25 8.5 45.8 .6 .4 1.6 .7
" 136 2.27 35.9 2.35 15.3 69.0 2.5 1.4 4.6 18.1
" 154 2.79 28.9 1.70 16.6 77.3 2.3 1.1 18.7 13.6

B2 8xQrc:Lcoa not per£ormmd due to phy8iological reaaona

B3 0xQrclcea not porformed due to pDychQLQgZcal rQaaona
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Rcb
mm

40.0
bO

00

Heliox : 46 ATA, volumic maag at O'C = 8.71 g.L-1, t = 32'C

W aujet fc Uo2 Ue vt fr PetCO2 p.1 vt/ti pl
Watta mri-1 (I) (2) L mn-1 (3) mb L.mn-1 mb

Pa
mb

OP

0»

Ob

OP

PP

n

12.5
00

60

BD

go .

bb

00

00

PO

O
75

ISO

O
75

150

O
75

ISO

O
75

ISO

O
75

130

O
75

110

O
75

'110

O
75

110

Al 76 .29 7.3 1.46 5.2 41.1 .4 .3 .5 .5
°' 92 1.29 20.9 4.10 5.1 55.7 2.3 1.0 2.1 1.0
'° 139 2.04 35.0 3.33 10.8 61.8 6.2 1.3 3.3 2.0

A2 85 .41 15.2 1.01 15.1 36.2 1.6 .6 .g 1.2
" 99 1.32 40.6 2.68 15.2 41.1 2.6 1.2 2.5 3.7
'° 133 2.62 60.4 2.95 20.5 49.8 3.6 1.9 3.6 5.9

A3 83 .32 10.9 [.06 10.3 37.4 .g .3 ·.9 .6
'" 98 1.17 23.1 2.95 7.8 49.6 1.0 ' .S 2.2 1.4
" 137 2.06 35.4 3.23 11.0 59.1 1.6 1.3 4.2 3.1

Al 84 .46 9.4 2.26 4.2 42.6 1.5 .4 2.6 2.3
'" 103 1.54 2Q.9 3.44 6.1 59.6 5.1 1.0 17.4 7.5
'" 155 2.85 41.1 2.45 16.8 74.1 22.0 1.5 55.7 7.7

A2 77 .66 16.7 1.59 10.5 37.7 4.7 .6 4.5 3.0
" 102 2.89 42.5 2.40 17.7 49.2 21.5 1.4 20.1· 11.7
°' QxerQgae not performed (pain in tho knee)

A3 9Q .76 16.9 2.19 7.7 41.9 4.1 .3 10.4 2.3
" 117 1.27 24.2 2.74 8.8 51.8 5.6 .g 18.2 9.7
" 134 1.95 29.4 3.08 9.6 57.L 7.5 .9 24.3 17.1

11.5
00

ob

VO

DB

Ob

" O
" ' 75
" 110

Al 88 .44 15.9 3.16 3.1
" 102 1.23 20.0 4..29 4.6
" 128 1.75 27.3 3.77 7.3

A2 85 .36 17.3 2.42 7.2
" 104 L.43 35.7 2.66 13.4
" 129 1.90 41.9 3.14 13.3

A3 76 .24 9.2 1.25 7.4
" 97 1.32 23.6 2.87 8.2
" 123 1.62 27.6 2.96 S3.3

34.6 1.1
59.3 5.0
57.9 12.0

31.2 1.3
45.8 11.8
53.4 15.3

39.5 1.1
55.3 10.4
58.9 12.4

.6 7.8 5.5

.9 16.7 6.9
1.2 27.4 14.9

.6 8.0 30.8
1.1 17.3 47.9
1.4 29.4 43.0

.4 5.2 2.6

.9 22.5 12.6
1.1 25.5 15.6

7
}
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- ANNEXE 2 : INTERPOLATED VALUES -

CONFIN : 2 ATA M1ioX, volumic ma:5& at O"C x 0.'96 g.L-1, t = 28'C

Rcb W aubject fc Uo2 Ue vt Fr PetCO2 p.1
mm watts inn-l (I) (2) L mn-1 (3) mb

40.0
bO

PC

po

DP

06 .

10.0
06

00

PO

8.0
00

00

DB

PP

00

110
ISO

110
150

110
150

110
150

11Q
ISO

110
150

110
ISO

110
150

Al 92
" 105

A2 114
" 129

A3 107
" 119

A2 101
" 115

A3 120
""" 132

Al 98
" 109

A2 91
"" 108

A3 120
'" 133

2. 61
3. Q2

2. 46
2. 89

I .99
2.38

2. 17
2 .44

2. OS
2.29

2 . 11
2.35

1.88
2.33

2 .01
2 .37

3. 8 ·
6. 3

4 .4
4 .8

4 . 7
5. 6

7 .2
8. 8

6 . 1
7 .4

5 . 1
7. 2

5 .O
6 .3 .

4.5
4 . 3

HYDROX

R98
mn

4O.O
DO

PP

DO

00

06

: 46 ATA , volumic ma183

W aubject £q VQ2
Watt3 mn-1 '(I)

110 Al 99 '1.86
15Q °' 110 2.32

110 A2 112 1.64
150 " 128 2.26

110 A3 108 1.83
150 " 121 2.25

no Al 1Q4 1.73
150 " 113 2.16

110 A2 111 2.11
150 " 119 2.46

33.9 3.38 10.0 60.7
37.4 3.35 11.2 61.5

43.4 2.79 15.5 46.7
53.0 2.80 19.0 48.1

31.6 3.07 10.3 50.5
37.6 3.18 11.7 51.4

36.3 2.32 15.6 49.6
43.3 2.49 17.2 48.5

32.2 2.96 10.9 51.8
34.5 3.12 11.1 54.8

29.0 4.18 6.9 67.0
36.6 4.37 8.2 65.6

30.9 3.15 9.8 51.8
36.8 3.18 11.2 53.9

29.8 3.05 9.8 54.0
33.1 3.24 10.2 57.8

at O"C · 6.49 g.L-1, t =

VE vt Fc PatCO2
(I) L mn-1 (3)

27.1 3.58 7.6 65.8
35.0 3.49 10.2 64.7

31.1 2.54 12.2 52.9
41.7 2.67 15.2 54.2

12.0
Ob

¢0

00

30.8 3.18
36.2 3.39

29.3 3.63
33.9 3.37

33.0 2.94
37.1 2.85

'" 110 A3 104
" 150 " 124

1.88 27.1 3.18
2.28 31.1 3.25

9.7 58.6
10.6 61.0

8.1 60.8
10.4 62.7

11.2 56.1
13.1 59.2

8.3 64.2
9.5 67.6

32"C

PQ.1
mb

4 . 7
5 . 3

2.8
3 . 3

1.3
3 . 2

5.0
8.4

8. 7
12.3

2.6
9 . 7
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ATA, voluwic maaa at O'C

Sujat £c Uo2 Ue
mn-l (I) (2)

PO

00

bo

00

12.5
, 00

Al 114
" 139

A2 115
". 133
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Al 127
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2.Q4 35.0

2.03 49.8
2.62 60.4

1.59 28.8
2.06 35.4
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2.85 41.1

csLculable

calculable

R 8.71 g.L-I, t W

VC Fr PetCO2
L mn-1 (3)

3.74 7.8 58.5
3.33 10.8 61.8

2.81 17.7 45.2
2.95 20.5 49.8

3.08 9.3 54.0
3.23 11.0 59.1

2.98 11.1 66.4
2.45 16.8 74.1
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CARDIOVASCULAR STUDIES

E.1'. FLYNN, US NAVY

Gome x



7 " I A

W

E
"D

C
.D

VP
4n
W
n
cn

&
C

C
D
V)
a

E
®
E
?
O
Q7

.C
~
~Q
C
O
a

g
O
a

C
Q>
m

'S
Q)E
~
~

3
.G
~

S
G?

b
a

(b
m
m

E
i

>.C
m

£
;3
C

"D
D
-~

E
Gn

C

2
-
P
D

%
?
"D

6

g
P
Q)
O
'?
T)
O
¢
CL

2
V

-D

..
.CO

~
O
C

>
m

E

-!
V
A

ilC (J
O V)

i!
C =

= D
m ~

. C

i!
8%
W D

Q:S
u

m 'D
uj C

Ei
Q. >E!
ii"
ti

g)
a

3 "D

CARDIOVASCULAR STUDIES DURING HYDRA V

.

Participants

U.S. Navy:

E. Flynn (principal investigator)
T. Doubt
IL Ackerman
R. Banvard

Karine Nationale:

P. Giry
A. Bacte3ti

G.I.S. Physiologie Hyperbare (CNRS):

G. Imbert
A. Folco

cornex



7 - 2A

LA

?E
_O

.S
^g)
V)
O
O
CL
G

8
LA
€
(I)
a

>
C
©

O

!
V
K
~

O

C
O
a

E
0
a

C
Q>
_~

S
0
m
~
~
7
O

.C
~
i

O

L)
n

CL

b
'D

CC)
E
M
3
E
PP

G

G
Q

G

"O
g)
=

E
»C
©
~~

t5
Q)4n
Q

C)
In

T)

P
Q;
U>
:7

!
m

D
L.

CL
C»
~

V
.D
4

(Li
M
~
O
C

M
E
C
Q7
b

V
^ d

-

FZ
m Q>

Z 'D

26
O In
= ©

?:
9 %
e: =

= Q
© ~

, C

D?
Z 3
u

W 0
0:5
u

X V
u

?8
a. @

E!
ft? M

3j
E

0

(n E
¢t

INTRODUCTION

The usefulness of hydrogen a6 8 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 gerious cardiac arrhythmias develop, or the heart
fai18 to pump adequately during exercise, the beneficial effects of hydrogen
G'n CNS and respiratory function would become largely acadenic. Although 8OT!lC
animal data exists bearing on the quegtion of cardiovascular function in high
pre88ure hydrogen, only one human 6tudy: HYDRA IV, has been conducted. The
present dive,,KYDRA V, afforded the opportunity to extend these huuian
observations not only at a higher absolute pressure, but for.a longer duration
of exposure.

METHODS

Studies in the dry were conducted in conjunction with the French Navy
(Marine Nationale). Studies in the wet were performed with the G.I.S.
Physiologie Hyperbare (CNRS). The conditions of the experiments are de8cribed
in'detafl 'in the respective reports of the8e two groups.

¶

Dry Studie8

For the dry 8tudles, pairs of I 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 minute periods of work at moderate and heavy. intensities,
The mbjects 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 variable periDd 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. In this
way, both the motion artifact of work and the respiratory variation in
thoracic impedance were eliminated. All measurements were completed within 10
seconds of stopping work.

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

¶

SV m A L AZ/Z
O

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

O
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Heart rate corresponding to each stroke volume was obtained trout 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 8c<juence was also
determined by counting for the last minute of each Bession. These are the
values shown in the sub8equent tables.

Monoexponential functions were fit to the ri8e in heart rate wIth
exercise and its subsequpnt fall with re6t. From these functions 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 che8t. Briefly, the experimental protocol comisted of having
the diver rest or perform work by pulling.a 10 or 15 kg weight through a
(iigtance of 0.4 m twenty-five times per minute. During one 15 kg work
sescion, the. diver increased the breathing resistance of the rig to a level
which was just tolerable. Analysis of the data was limited to uieasurement of
heart rate during rest Or exerci8e once a steady state had been reached.

.

RESULTS

Dry Studies ·

The results of the heart rate and cardiac output measureulent6 are shown
in Tables I and 2 and in Figures I and 2. The A-team and B-team will be
considered geparately became of the differences in regponse.

The A-Team was able to complete all assigned workloads except for the
heaviest workload with Rm2 in heliox at 450 m, Preliminary analysi8 of the
data showed no clear effects of resistance So all resistance conditions were
lumped to illustrate effects of gas mixture and depth. The results appear in
Figure I. Both heart rate and cardiac output increased monotonically with
exercige as expected. Both values were slightly higher with hydrox at 450 ni
when compared to hetiox at IQ tn. 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 ouli3sions were relatively few. Statistical
analy6is of the data has not yet been conducted.

The B-Tearn's heart rate response to exercise at 10 m heliox was nearly
identical to the A-Teaui's, indicating that both groups were relatively evenly
matched. At 450 m hydrox, only one subject (Bl) performed at the level of the
A-Team. Subject B2 performed a low level of exercise and 8ubject B3 was
unable to perform at all. Resting heart rate was elevated in B-Team in 450 m
hydrox when compared to the 10 m heliox control. This 18 in contrast to the
slightly lower values seen in 450 m hydrox in A-Team. The data contained more
technically unsatisfactory traces than A-Team and coupled with the fewer
conditions available for study limited the conclu8ions that could be drawn
about the heart rate and cardiac output responseg to exercise. As shown in
Figure 2, however, it appeared that the performance of a given level of
exercise at 450 in hydrox required a substantially higher heart rate and
cardiac output. Statistical analysts of the data ha8 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
distinguishable as a norineil sinus rhythm. In 8ome tracings, the P wave was not
apparent. The8e 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
supravent'ricular or,ventricu1ar beats were noted in some subjects at rest or

in the resting period folloying work when the heart rate had 8lowed. Some
isolated premature contractions were also noted during work at depth. The
conditions under which premature beat8 appeared during work are shown in
Table 3. No dangerous arrhythmias vere 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 tn
slowed both the rate of rise and fall of heart rate. Hydrox appeared to have
a faster rise than heliox at depth4 The off time constants, however, were
identical. Statistical analysis of the data has not yet been conducted.

P

Wet Studim
0

The heart rates observed during the wet studies are
The impoged work load was mild relative to the workload
heart rates averaged 90-120, For technical rea8ons the
difficult to analyze and data collection incomplete, In
suitable for analysis, no arrhythmias were seen.

shown in Table 5.
med in che dry. The
tracings were
those tracings

P

CONCLUSIONS

The A-Team was capable of performing very hard work in hydrox at 450 ir.
The increages in heart rate and cardiac output with exercise were appropriate
to the work load and no significant arrhythmias appeared. The absolute values
of heart rate and cardiac oueput were slightly lower on hydrox at 450 m than
on heliox at the same depth and the rate of rige of heart r&te with exercise
was slightly faster with hydrox. Hydrox va1ue6 at depth appeared closer to
baseline values (LO m on heliox) than did the heliox values at depth.
HoweCer, these differences were minor and may not stand up to 6tatistical
scrutiny.

The B-Team behaved differently at 450 m on hydrox than did the A-Te8uk.
The reasom for these differences are unclear. Also, heliox measurements 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 ID in. These changes were out of
proportion to thoge seen in the A-Team. No significant cardiac arrhythmia8
appeared.

All members of B-Tem
in full diving gear. The
and thus did not allow u8

were able to perform exercise
workloads, however, were mild
to test Iimit8 of the divers'

in the wet environment
relative to the dry,
exercise capability.
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Condition Subject
Work . Work . Work ,

Load hr _L_ Lo,a,d, _Er, __L_ f,p,",d. _!!r, q

10 m Al 0 68 6.68 0 84 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
!05 83 11.49 105 94 13.13 105 86 13.89
154 !00 11.79 210 142 * 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 11.13 211) 149 * '210 153 *

P 450 m Al 0 71 6.98
heliox 75 87 Il.lZ

150. 131 17.22

0 86 8.05 0 80 8.15
75 101 12.46 75 97 11.72

150 141 Note 1 110 124 16.00

A2 0 77 7.82 0 74 8.09 0 82 7.49
75 91 13.88 75 101 * 75 102 12.82

150 151 * 150 Note 2 110 123 *

A3 0 79 6.02 0 84 8.30 0 72 6.42
75 92 9.13 75 110 12.01 75 96 11.94

150 131 * 110 128 * 110 117 *

450 m Al 0 69 6.48 0 84 7.40 0 62 6.27
hydrox 105 94 12.98 105 97 11.49 105 95 14.33

210 130 17.59 210 135 15.15 154 121 16.30

A2 0 67 8.00 0 67 7.91 0 65 7.94
105 104 15.43 105 108 12.87 105 101 14.85
210 152 19.53 210 148 18.11 154 142 19.00

A3 0 67 6.34 0 64 4.55 0 63 4.00
105 102 7.92 105 99 8.15 105 102 10.45
210 143 15.06 210 156 * 154 135 *

TABLE I. Cardiovascular Responses of A-Team
P

Work load in watts; HR " Reart Rate in beats/min; Q " cardiac output in L/min;
* indicates data unsatisfactory for analysis; Note I - stopped work at 5 min 30 sec;
Note 2 - 8topped work at I min 58 sec.
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Condition Subject

10 m Bl
heliox '

B2

B3

Work . Work . Work .

Y',a,d. Ar_ _L_ ko,a,d. nR_ _A_ Eo,a,d. .m _£_

0 66 8.42 0 65 8.30 0 62 8.65
75 86 13.11 75 85 13.01 75 79 10.75

150 119 14'.65 150 122 15.12 ISO 110 15.68

0 83 6.05 0 89 6.!9 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 ISO 97 12.70

.

450 m Bl
hydrox

B2

B3

0 87 7.10
105 126 *
210 160 *

0 101 7.02
105 140 14.12
!05 163 20.05
210 - -

0 96 9.92
105 ' Note I
210 - -

0 78 7 .25
105 110 12.99
210 144 *

. 0 88 6.68
105 150 *

210 - -

0 ' —
105 - -
210 - -

0 85 7.88
105 131 15.33
154 148 *

0 W ~

105 - -

154 +

0
105 _ "
154 - -

TABLE 2. Cardiovascular Responses of B-Team
0

Work load in watts; HR " Heart Rate in beats/min; Q " cardiac output in L/min;
- indicates experiment was not performed; * indicates data unsatisfactory for
analysi8; Note I - stopped work at 1 min 50 sec; Subject B2 performed the 105 W
workload twice at 450 m, R"0.

camex



7 - 7 A

Depth
subj ect (Ill) ,G,a,s.

Resistance Workload
Condition (W)

Arrhythmia
=e Number

Al 450 Hydrox 3 154 VPC 2
VPC couplet I

Al 450 Heliox 2 ' 150 ' VPC 3

A3 450 Hydrox 2 105

210

VPC 2 "
VPC 'couplet 1

VPC I '

A3 450 Heliox 3 75 SVPC 2

B2 450 Hydrox 0 105 VPC I
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TABLE 3. Conditions under which cardiac arrhythmia8 appeared during
exercise. VPC " ventricular premature contraction; SVPC "
8upraventricular premature contraction; VPC couplet." 2
ventricular premature contractions in a row.

Sub,iect IQ Ill heliox

:?µ. SZf.f,
450 m heliox
Ton TOff

450 m hydrox

rorl· ' roff

d

i

Al 0.86 0.54 2.20 0.85 1.24 1.32
A2 0.53 0.73 0.65 1.09 0.95 0.76
A3 0.96 0.73 1.36 1.40 1.29 1.22

Mean 0.78 0.67 1.40 1.11 1.16 1.10
SEM 0.13 0.06 0.44 0.16 0.11 0.17

TABLE 4. Time constants (min) for rise of heart rate with heavy
exercise and subgequent fall with rest. A-Team, no
added respiratory resistance,
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Workload
0 10 kg 15 kg

no
Subject resistance

15 kg

resistance

15 kg

no
resigtance

Bl 76 88 90 110 120
B2 77 91 96 96 97
B3 90 88 98 93 96

TABLE 5. Heart Rate Responses in B-Team to exercise in water at 450
breathing Hydrox. The workloads indicated were performed
sequentially.
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Figure 1. Cardiovascular responses to exercise in A-Team.
All resistance conditions are included.
Vertical bars indicate 1 standard error of the mean.
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Figure 2. Cardiovascular response8 to exercise in B-Teaui.
All resistance conditions are included.
Vertical bars indicate 1 standard error of the mean.
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RESPIRATORY STUDIES IN THE WET
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RESPIRATORY STUDIES IN THE WET

G.Imbert (Comex, Marseille - GIS de Physiologie Hyperbare CNRS)
A. Chattut (I.U.T. Marseille, DCpartement de Mesures Physiques)
A. BCned (Ccmex, Marseille)
A. Folco (GIS de Physimlgie Hyperbare CNRS, Marseille)
M. Trovallet (Comex, l'kirsCille)

M. Ackerman (NMRI,
R. Banvard (NMRI,
E. Flynn (NMRI,

Bethesda, Hyperbaric Medicine Program Center)
Bethesda, Hyperbaric Medicine Program Center)
Bethesda, Hyperbaric Medicine Program Center)

P. Giry

CONTENTS

(CERB, Toulon, Service de SantC des ArmCes)

1. OBJECTIVES

2. METHCDS

2.1. Subjects
2.2. Instrumentation

a) measuring devices
1j) data acquisition system

2.3. Procedures
.2.4. Breathing mixture

3. RESULTS AND DISCUSSION

3.1. Bio-engineering data
a) criticizable data

Magnetometry
Mass flowmetry
Mouth pressure

b) positive data
Sampling techniques
Arm ergometer

3.2. Ergonomical data
Diver Bl
Diver B2
Diver E33

3.3 Physiological data

a) pulmonary ventilation
" b) re3piratory equivalent of oxygen

C) oxygen consumption
d) capnigraphica.l data

4. CONCLUSION
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During the Hydra V experimental dive at Comex, a coQperative team
C.N.R.S - U.S. NAVY (G.I.S. de Physiologie Hyperbare and Naval
Medical Research Institute), was in charge of studying the res-
piration of a ternary hydrogen-helium-oxygen mixture (hydrox) in
divers exerCising underwater at 450 m simulated in a wet pot (k).

1. Q#jECTIVES

Pulmonary function in deep dives meets conditions very different
from breathing a natural atmosphere, and divers respiration may
be hindered by 3everal factors acting at the same time :

- high gas density of compressed respiratory mixtures ;
- effects of submersion on ventilatory mechanics ;
^ external Fesistance of the underwater breathing apparatus ;
- newtonian thermal losses by ventilatory convection.

P

The e±perimental conditions in submersed studies are the closest
possible to those that prevail in actual diving. Such studies
are therefbre very interesting. On the other hand, they are sub-
jected to serious limitations with respect to the availability
of physiological techniques. Hence, during Hydra 5 :

- the divers could not be asked to produce sustained efforts
in order to determine the maximal power of exercise (as
might be possible in tests carried out in a dry chamber
at the same pressure) ;

- it was not pQs3ible to compare hydrox breathing to heliox
breathing under the same conditions (as was done success-
fully during the Hydra 4 dive in 1983) ;

- only divers of team B were involved in,the wet studies
(team A divers were not switched back to hydrox, as primar-
ily envisionned in the Hydra 5 program).

Therefore, the present studies were basically of an ergonomical
nature. Our primary goal wa3 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
divem were equipped with a wet suit and a helmet connected to
a demand valve. Sensorg were fitted to this equipment, according
to measurement needs. Apart from these sensors, the divers wore
3tandard professional diving garments, such as those used on sea
bed.

(k) with participation of the Centre d'Etudes et tie Recherches
Biologiques for mass spectrometry.
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A few woFd3 about the nature of the exercise. As during the
Entex 9 and Hydra 4 experiments, the Hydra 5 divers performed an
underwater exercise Qn an arm ergometer. In our opinion, such an
exercice simulates the effort3 produced during underwater work,
to a better extent than leg exercise on a Picycle 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. Nevertheles3, 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. Subjects

The three mibjects of team B were :

Bl. Serge TCART
B2. Yves LANGQUET
B3. jean-Pierre MACCHI

Table 1 presents their characteristics.

Table 1 : SUBJECTS' CHARACTERISTICS

(Team B)

Height (m)

Body mas3 (kg)

Age (yr)

Vital capacity (I BTPS)

Bl B2 B3

1.76 1.78 1.72

73 75 75

32 39 34

5.67 5.83 4.84

Garrbex
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2.?. Imtrumerjtation.

Studies in the wet involved the following measurements :

Exerci3e movements :
- requested rythm (stroke/min)
- effective rythm (stroke/min)

Respiratory movements :
- of abdomen (mm)
- of chest (mm)
- frequency (breath/min)

Amounts related to time of :
- inspired gas (liter BTPS/min)
- consumed oxygen (litei: 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
or to the breathing
signals were fed to

sensors attached either to the diving garment
circuitry (inspired and expired gases). The
a computerized data acquisition system.

a) Measurinq devices

Muscular movement3
The diver was asked to perform 20 or 25 arm strokes per

minute, according to' a rythm 3et from the control panel. This
needed the transmission of the rythm, and the monitoring of the .
effective uorking 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 semor (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 wa3 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 pressureg and temperatures in the gas tank
were monitored continuously, in order to calculate the diver's
overall conmmption.
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Figure 1. TRANSMISSIQN 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 assigried:
the signal was triangular, with a longer time allowed for lifting
than for lowering the weight. The diver is given the information
by watching needle movements on the meter named "NOUS" (= us), in
the waterproof container in front of him. Magnetometers attached
to the ergometer enable the diver to control his.own movements,
which are translated by needle movements on the meter named "TOI"
(= you). A recQpy device is Located at the control station, the
3econd meter being named "LUI" (= he). The ideal execution would
be to have both needles parallel at all times.
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t_ MELANGE RESPIRE He/H2/02 (HP) :

Figure 2. RESPIRATORY CIRCUITRY AND THE MEASUREMENT OF
PULMONARY VENTILATIQN UNDER NET CONDITIONS.

Arrows show the circuit of the respiratory mixture from the
high presmire cylinder, in which it was prepared, up to the free
atmosphere, in which it will be finally evacuated. The cylinder
pressure is read on the manometer Ml. This enable us to measure
the overall gas consumption, knowing the cylinder volume and gas
temperature. After reduction to the intermediate pressure, the
mixture flows through a pressure dropping device. A mass flQw-
meter 13 attached in parallel to the input and the output of this
device. Then gas flows first through a loop submersed in the wet
pot (to be heated at a comfortable temperature), then through a
buffer tank, 20 liters in volume. It then reaches sphere 2, in
which is connected the tether line that m.ipplies the diver. The
expired gas is collected through an exhaust line, which drives it
back to sphere 2 where it is analyzed on line for 02 its cQntent
(fuel cell). Finally it is directly exhausted in sphere 2, the
pressure of which is mainta,ined at 46 bar (that implies a cons-
tant exhaust of chamber gas equal to diver's ventilation).
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Expired oxygen pre33ure.
Expired oxygen pressure was continuously monitored using

a fuel cell (Sedan), placed in the expired gas flow, at exhaust
level in sphere 2, A special mounting, embodying a 3 way valve
enabled the bellman tQ switch temporarily from the expired gas
to the inspired mixture, in order to obtain comparative data.

Capnigrain
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 3pectrometer. The end-
expiratory carbon dioxide fraction was assumed to represent that
Qf the alveolar gas.

Mouth pressure. ,
As done in the Hydra 4 experiment a differential pressure

sensor (range = 700 mbar) was attached horizontally at forehead
level, inside the diver's helmet. But, in opposition to the Hydra
4 experiment, the reference chamber was open, and left in free
communication with the helmet gas.

Mouth temperature.
¶A thermocouple was attached to the oronasal made for sen-

sing the flowing gas temperature.

Cardiac rythm.
Three EKG electrodes were attached to the diver's chest.

camex
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b) flajta acquisition 3Y3tem

Analogic signals were recorded on paper chart, using two
potentiometric multi-channel recorders (IQ channels overall).
This very 3imple and reliable method has however major draw-
backm 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 environmental conditions.

The software for Hydra 5 wa3 developed by the Bio-engineering
Branch of the Hyperbaric Medicine Program Center (prQgram FRANCE
written in FORTRAN) ; it allows :

,1. To collect in parallel voltage signals (0 to S Volts),
delivered by up to 10 different channels ;

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

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

4. Td store them continuously on a floppy disk, in an unfor-
matted binary code. The sampling frequency is 30 Hz (30"
discrete values by channel and by second). This allows
10 channels to be recorded during 12 minutes on an B-inch
floPpy disk (900 blocks), with still available space fcjr
record labelling, and calibration data.

5 . To access to the stored data, by reading the floppy disk one
channel at a time, and to convert them into an ASCII format.
Thi3 format allow3 them to be processed using simple BASIC
routines.

The procesMmg routines (seek for extrema, amplitude or interval
determination, averaging and variance computation) are flexible,
written or mcdified at need, for each single signal, following
the experimenter°s various requirements.
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2.3. Procedures.

Measurement3 under wet conditions at 450 meters, were car-
ried out on 17 and 18 may 1985. Each diver stayed 2 hr underwater
at a minimum, and performed 4 runs on the ergometer according to
the following schedule :

I) 6 minutes, with a 10 kilogram load

2) 6 minutes, with a IS kilogram load

3) 6 minutes, with 15 kilograms, with his U.B.A. set at the
highermost resistance tolerable treshold

4) a run prolongated after the 6th minute, for as long a3
possible, with a normal UBA setting.

All of these runs were recoriied on floppy disks, together with
the 2 Ininute-period of re3t preceding exercise, and the 4-minute
period following it (except for the last exercise, when prolonga-
ted beyond the 6th minute).

2.4. Breqthinq 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 : cm AR30UJTE DNsI!Em AT 450 m (ms)*

! ! !
! Fractional concentrations ! !
! ! M ! Z
! 02 ! He ! H2 ! M2 ! g/mol !
! ! ! ! ! !

! ! ! ! ! ! !
! HYINQX 54 % H2 ! 0,009 ! 0,441 ! 0,540 ! 0,(XX) ! 3,17 ! 1,024
I I I I I I I ·

! HEI,I0X ! 0,009 ! 0,991 ! 0,(XX) ! 0,(XX) ! 4,25 ! 1 ,021
! ! ! t I I I

0 V P 0

! TRIMIX ! O,CO9 ! 0,941 ! 0,(XX) ! 0,050 ! 5,45 ! 1,020
! ! !" ! ! ! !

t

0

!
! Ctot
! mol/LBTpS

!
I
0

! 1,743
¶0
! 1,748
I
P

! 1,749
t0

! - I I
0 0

! Absolute density! Air equiv. !
! g/LBTPS ! depth !
! + incertitude ! !

! ! ! CO

I t T I
0 V 0

! 5,56 ± 0,03 ! 39 Ill ! X
! I

P 0

! 7,46 ± 0,04. ! 55 [It !
! I

P 0

! 9,56 I 0,04 ! 74 Ub !
I I !
P 0 0

* PO2 = 4CD inbar

q LEGEND : M - average molecular mass

3 Z = coujpressibility factor (no dimension)

0 Ctot = total molecular concentration
X
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3. RESULTS AND DISCUSSION

The data have to be examined from 3 different standpoint3 :

- from the bio-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"enqineerinq data

Phy3iological data must be recorded without encumbering the
diver or hindering the normal use of the diving garment. The data
from Hydra 5, as well as from Hydra 4, evidence the feasibility
of such measurements, though some difficulties were encountered
with the new techniques.

a) CCrriticizable resultm

Magnetometry

Not only magnetometers were used for sensing respiratory
movements, they alloued to monitor divers exercise on the arm
ergometer. Waterproofing pUQved to be insufficient at 45Q m,
after a few hours of submersion under pressure. Coils have to
be coated with a more water repellent material than neoprene
rubber 13, bee wax for instance. It appears also that repeating
cycles of gaseous compression and decompression may accelerate
water infiltration, because gas pockets tend to form that create
water drains irwide the magnetometer body.

Mass flo'wmeter.

A damped signal was expected from the mass flowmeter, with few
oscillations at the breathing rythm, centered on a mean value
which would correspond to an average flow, the quantity to be
measured. In fact, we observed a biphasic signal, with a peak
corresponding to inspiration, immediately followed by a negative
wave, approximately equal in amplitude (figure 3). This signal
may be reproduced with a ventilatory pump, if this pump is pro-
grammed for triangle-shaped cycles (i.e. input and output flows
approximately constant). A triangle is asmmed to be closer to
the normal shape of a breath than the sinuscjiciai wave provided by
most respiratory pumps. Finally, in order to process the recorded
data, we were lead to calibrate the flometer 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

comex
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Figure 3 SIGNAL DERIVED FROM THE MASS FLOINMETER AT 46 BAR

Each sequence correspmds 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 : S) c/min, .
"tidal volume" = 1.85 liter, triangular shape).

(Note the negative wave which seems to indicate a back flow
in the intermediate pressure circuitry)
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is very inconvenient, costly and therefore hardly recommandable.

There is a remaining question about the biphasic shape of the
signal accompanying each breath. The most probable hypothesis 13
a gas flowing back at the precise moment where inspiration stops,
that is when the demand valve Muts, 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
Xuch as surface loops for supplying divers at depth), appears to
be another example of the importance of inertia related phenomena
involved in ga3 transfer under pressure.

Mouth pre38ure.

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 better, because mouth pressure recordings were not as
good in Hydra 5 as they were in Hydra 4.

i

t

carnex



8 - 14

m
G
-
_O

8
a

S
. &

G
§

Z
Z
i
0
.C
-
"O

C
O
"a

E
&
5
=
S
(V
.C
~

5
D
G

S
.g
.D
7
a

V
'D
m
E
>·©g
C"

m

£
15
C

t

E
n
C
m
h.
.

t

»

D

S
U
·5
Q?
Ln
7

"D
O
O
'7
"D
D
a

Q?
W

QP

.D
4

V
.C
~
a
C

>.
CO
E
C

Z
O
E
ii

ii

CI cn
= m
ii

= O
© "

7?
8Z
LL O
qE

tE
S?
a. :J

?8
a. >

C

Ez
on

9?&

I!
V

A

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 exerci3e rythm on a analogic read cjut 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 exeucise 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. Erqonomical datas

All three divers performed the
whereas diver B2 and B3 encountered
dry at the same pressure. The dive
wet pot at 450 m were as follows :

Diver Bl 122 minutes.

May 17, 1985.

Water temperature : 34°C

runs that were requested,
problems in exercising in the
schedules of the dives in the

15:05
15:35
16:46
17:18
17:24
17:47
17:53
18:04
18:12
18:22
18:25
18:35
18:48

start dive preparation
diver gets dressed
diver enters water
run on the arm ergometer (10 kg
stop exercising
run cjn the arm ergometer (15 kg
stop exercising
change in UBA setting (increased
run on the arm ergometer (15 kg
stop exercising, UBA returned to
run on the arm ergometer (15 kg
quit exercising
end of the dive

load)

load)

resistance)
load)
normal setting

load)

Overall duration of exercise on arm ergometer : 28 minutes.
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Diver B2 122 minutes.

May 18, 1985.

Water temperature : 32°C

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

start dive preparation
diver gets dressed
diver entem water
run on the arm ergoineter (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 123 minutes.

May IB, 1985.

Water'temperature : 3l°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 ergometer (IQ 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 : 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 Feason 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) exeercise 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) Ell and B3 reported it as being
"a little strenous", and El2 as being "moderate".

b) reason for quittinq

Breathlessness or dyspnea was never the reason for quitting the
exercise in the last run. All divers reported to be far from
reaching their ventilatory Limits, as well as the U.B.A. maximal
capability to supply gas with a reasonable breathing comfort, The
reasons argued for quitting were arm or hand pain (B2, B3), or
boredom (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. Physioloqical results

a) pulmonary ventilation

Table 3 to 5 give the ob3erved data :

Table 3 : PULMONARY VENTILATION DIVER Bl

I

I

Run YE (l/min)
VT (I)

Rest fR (c/min)

YE ("1/min)

Exercise VT (I)
fR (c/inin)

10. 4
2 . 3
4 .5

28.1
2 . 3

q 12 . 3

2 3 4

14.9 17.0 17.5
2.4 .2.2 2.5
6.2 7.7 6.9

29.3 30.0 38.8
2.7 3.0 2.7

10.9 10.0 14.4

Table 4 : PULMONARY VENTILATION DIVER B2

1 2 3

Run YE (l/min)

VT (I)

Rest fR (c/min)

YE (l/inin)

Exercise VT (I)
fR (c/min)

18.5 14.2 13.8
3.0 2.2 2.6
6.2 6.6 5.3

27.7 31.7 31.0
3,3 3.4 3.5
8.3 9.3 8.9

4

14 .1
2 . 5
5. 6

31. 5
3.8
8. 3

Table 5 : PULMONARY VENTILATION DIVER B3

1 2 3
Run

YE (l/min)
VT (I)

Rest fR (c/min)

YE (l/win)
Exercise VT (I)

fR (c/min)

14.5 14.9 20.9
2.3 2.3 2.5
6.2 6.4 8.4

21.0 28.9 38.1
2.5 3.0 3.1
8.5 9.5 12.3

4

20. 2
2 .5
8 . 1

36 .3
3 . 1
li . 7

(h) 2 min average before exercising
(kk) 4 min average,(3rd, 4th, 5th and la3t minutes of exercise)

comex
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b) respiratorV equjvalent oE oxygen

It can be shown that :

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

where ERo2 13 the respiratory equivalent of oxygen (l/mmol 02)
R the ideal ga3 comtant (0.083 l.ruLbar/mmol.K)
T the temperature in the lungs (310 K)
^P(I-E)o2 the oxygen pressure difference between the

expired and the inspired gas (mbar)

The average values computed from ^P(I-E)O2 are :

Bl = 0.47 l/mmol 02 (21 1 BTPS/1 STPD 02)
B2 = 0.44 l/mmol 02 (20 1 BTPS/1 STPD 02)
B3 = 0.59 l/mmol 02 (26 I BTPS/1 STPD 02)

Observed values were not different at rest and exercise.

c) oxYqen CQn3umptiQ'1

Values given in table 6 correspond to gross evaluations of the
average oxygen consumption, obtained by dividing volume minute by
the respiratory equivalent of oxygen :

Table 6 : OXYGEN CONSUMPTION ESTIMATIONS ( 1 STPD/min)

Bl B2 B3 Average

Average over 40 min 1:3 1.3 1.0 1.2

Minimal value (re3t) 0.5 0.6 0.5 0.5

Maximal value (k) 2.3 1.9 1.6 1.9

Exercise with IQ kg 1.4 1.5 1.0 1.3

(h) over 2 minutes, from highest levels of ventilation

comex



8 - 19

yn
'iz

-
~
O

G
O
.cn
V>
:

n

&
£

S
Z
Z
G
4)
§

©
m
-

"P

C
O
V)
In

E
ii

S
-b
q>
.C
-

5
O
=

S
S?
;O
a

Q)

"D
m

E
>.m

4
>-C
a

C

15
C

>
D
F

E
cn
C
m
.

u

g)

3
*
U
H
g
»
'D

8
=S
CL
O
.
:

G
e

.C
i

>
m

E
G
e

4}
.C a

^

3 ©
ii

C (J
O in
= m
ii

= D
cB "

. C

2E
88
LL O

OE
E ^>
X V

I!

I
E

0
n

1 2 3 4
65 Torr

'P

B1. 7 /2

_ "'i G~,

A 35 Torr Y{/l// /

, , ,"i", , /
/a

I q I I I I I I

65 Tqit

B3:== A==
nr /: 35Torr "y4%""y//

//,< , , , y, ,/a , ,

65Tbrr

B2 %EM kV%&m~_
Y "A 35 'b" T /Z

0

LZ /L / lzt
I I I I I I I I I I " I I I

0 12 0 12

_== 1_ =///////////:/:Al

"m
"P

/ L / ,,GZ
I I V J V J I i 1 I P I I I

""y/"ua""""" ""7Ln/7//U/7/7/7A
/////"4

"Y//A "
I I I J< I I I , / lZI I I

"7 / ^ rz: 7/ &.

7 / ·f

/L Z
I I J I I V I V J ' I I 0 I I

0 ¶2 0 12

Temps (min)

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 82.

The shaded area corrmponds to the effective duration of the
exercise on the arm ergometer (the last run is sustained for
as long a3 the diver wants to or feels capable).

Observed values rarely were in excess of 50 Torr ; this seems
to indicate that there was no carbon dioxide retention.
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d) capniqrainm

Figure 4 shows for all the measurements completed at 450 in
the average end-tidal carbon dioxide pressure. Observed values
were rarely in excess of SQ 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 experiment. However, we
can make the four following points :

1°) Although some technical improvements are 3till needed,
respiratory studies can be performed in the wet on diverg wearing
standard professional garments, without encumbrance or interfer-
ence with the normal use of the U.B.A. The most difficult problem
13 to meamre pulmQnary ventilation, unless direct 3pirometry can
be used (Hydra 4).

2°) Divers seem to exercise more voluntarily in wet than in
dry conditions, with a subsequent improvement in perfcmmance.
From the ergonomical standpoint, it must be emphasized that all
divers of team El 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 l/min, i.e.
corresponded to the average value commonly observed during under-
water work. Given the same conditions for. an underwater task on
the sea bed (particularly thermal conditions), this suggests that

· the3e divem would have been able to develop an activity level
equ,ivalent to that normally requested.

.

3') PhysLologlcal 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
meamjrements : the respiratory equivalent of 02 was not reduced,
and there was no sign cif 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 al3o evidenced from respiratory measurements in
the wet. Effectively, the conditions that may be compared at the
best to those of Hydra 5, with respect to hydrogen pressure, were
those that prevailed at 240 m, breathing binarv 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 pres3ure of 24.8 bar, the 3 divers were able to
perform the same exercise during 25 to 31 minutes (and at higher
rate : 25 stroke/min instead of 15). Increased total pressure
from 25 to 46 bar appears to be the major factor accounting for
this striking improvement in CiiverS' performance.

To our knowledge, the Hydra 5 experiment
tunity to evidence in man a phenomenon which
more than 30 years as the "pressure reversal
up to now has been observed only in animals.

was the fimst oppor-
has been known for
effect", but which

comex
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ULTRASONIC DETECTION OF CIRCULATING BUBBLES
COUNTERDIFF'USION PHENOMENON DATA

COMPARISON BEMEN DECOMPRESSIONS WIM HELIOX AND mtDRox

MASUREL G. GUTIERREZ N

Centre d'Etudm et de Recherehe3 Techniques Sou3-Marine3

D.C.A.N. 83800 TOULO:I-NAVAL
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UL=ASONIC DETECTION OP CIRCULATING BUBBLES
COUNTERDIFFUSION PHENOMENON DATA '

COMPARISON BETWEEN DECOMPRESSIONS WI= HELIOX AND KTDRQX

KASUREL G: GUTIERREZ N"

1. - PURPOSES

/
A3: tar' a3 we are coricer'ned the HYDRA V dive experimentation wa3
organized with the ptlrpq3e3 a3 tbllom :
.
— on the one hand, to verity' 3ome hypothe3e3 ba3ed on re3ult3 Qt

previou3 experiment3, ctameLy that :

E hydr'ogeu 13 tlQt tOXiC at the u3ed partial pre33ure,

. Mixing hydrogen wLth a diluter may remit n getting a higher '
threMiioLd at aarcmia, which ajjow3 to mpply the diver3 with a
mixture at 25 wbar wLthout any noticeable narcotic efrect3,

W hydmgen med at 3ueh pre33ure3 way have a real antL-APNS pQwer,

—and orr the Qttier hand to evaluate :

+ the Lnicremed venttLatom energy obtained at U50 w3w with the
hydrogenated mxture a3 compared with the helLox atxture
(EN'I'EX m and the utLxture ccmtaiming 5 % nitrogen, di're3 !

· 79i3i) ENTEX T, ENTEX rx.

. the Lnp(jrtance of the counterd1fTuMon phenomenor! when switching
bade to heliox before deccmpremion.

A LLeccLted cmunterdlftuMon would enable divers workLngat the bottcm to
u3e hydrox 3eqmntially throujh a narghile. Thi3 would gxtend their
operational Limit3 wIthout wodifying the umad diving wethodm

2.- MATERIALS AND METAODS

Z.t— Nature and conditiarm of h'µ!roqen expomrm

The initial experimental protocol 3pecifled that each diver
group wa3 to be expomd to hydrox to pertorm exgrei3e3 Ln" dry
eavtronment. \dhen the A group of diverw returned to heliox, then
the B &roup 'Aa3 to be cowpremed and expcmed Lq hydmx to do
exerei3e3 La dry enviroment.

*Centrs d'Etudm et de Recherchm Techndque3 Sou3-Marine3

D.C.A.N. 838QQ TOULON-NAVAL
Chem13try - B1ml%y and Toxlcolmgy Department (MC GIACOMONI).
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Then the diver grcjup3 Utifted and the A group wa3 returned to
hydrox to carry out exercise3 under water while the B group
returned to heliox fbr a limited period.

A 3eeond shift wa3 planned a3 the A group of diver3 completed all
the te3t3 ; thi3 grcmp would then be returned to heliox in order
to wait tor the B grcmp to complete the te3t3 in hydrogen
environment. Both grQup3 then joined together in the final
decompremion wIth heliox.

Later on the coume of event8 compelled u3 to modify thi3
experimental protOeol.

b
K

2.2 — Divem

t!: should be remembered that the A group of divem wa3 ecmpcmed
otdivem 3eleeted tor their taking part in a previoua experimen-
tatdLve at U5tj 1Il3W, and who3e re3ult3 could be taken a3 referen-

eem The 3 divers ojt the A group, were all quite experienced
dtvem. The Al diver had previoudly participated in a ENTEX '/,
the A2 diver in JANUS IV and ENTEX IX, the A3 diver in JANUS IV
wherehe wa3 a 3trong bubble producing mbject. In Hydra LV thi3
diver exhibited no bubble3 at the end of a 6-hour expo3ure to
hydrogen, wherem one of M3 fellow divem Mowed a high bubble
grade after only u hour3 of expomre (ref. to 2006 CERTSM 8U),

The B grcmp cQmprt3ed 3 divem of different origin :
Diver B1 - although he wa3 a deep diver - 'Aa3 pertorwing hi3
timt experimental deep dive.below 300 mw. Diver 82 had already
performed deep dive (ENTEX V). A3 for diver 83 thlm wa3 the timt
tiine he took part in an experimental deep dive.

' 2.3- Bubble detectom '

The bubble detectom med during the dive were our laboratory
detectom of the DUG type, L.e. optimized prototypem Qne 3ucht
cietectcjr wa3 pLaced in the lite coropartment, a 3econd one Ln the
tranMer compartment, and a third one in the final deccmpremion
chamber.

It L3h worth noticing that the detectors' operation wa3 modifLed
neither by premure nor by the premnce of' hydrogen. Only a
conMderable reduc:tion in battery life wa3 to be Qb3erved a3
compared with battery life during a 3ilnilar experiment in helium
environment.
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A3 uma1, the DQppIer 3ignal3 were 3y3tematically recorded in
chronological order on magnetic tape3 and ca33ette3, so a3 to
group the re3ult3 of each diver.

2. u - Methodoloq

Each cireulating bubble meamrement 3equence3 included a3
!ol1om : a preeordial detection, called detection "at rmt"
(R), in the 3tanding 3ubject after a few minute3' inactivity ;
then a precordial detection "with movement" (M) during and
following each one of three knee-bend wovement3 3eparated by a
one-Mnute tistie interval. Bubble grade3 were mtimated according
to the Kb! code (I).

The meamrements atso included bubble deteetion on each femoral
vein and, whenever pomZble, at the level of the velma eava.

. Sequential mea3urement3 were mde during confinement and bottom
3tay3, in order to wake mre that the probe wa3 operating
properly and to keep the divem accu3tmed to the,po3itiQn3 Qf
the probe3 on each relevant Mte.

When 3witching from the 55 % hydrogen atmo3phere to the 30 %
hydrogen mixture, which oeeured on Day 8 tor the A group (i.e.
after 90 hours Qt expmure to hydrox), a bubble detection wa3
wade immediately on the divem' arrival in chamber @ at 30 %
from chamber CD at 55 % hydrogen. Mea3urement3 were then tnacle
every hour over a S-hour period.

Likew13e, as regard3 the 3witch from th<,30 % mixture in cham-
ber ® to the 0 % mixture in chamber (Z1) , we applied to the

A Foup' the experimental protocol requiring a detection on the ·
diver'3 arrival in the chamber and then every hour tor the
3ub3equent four hourm ·

We 3hal1 dmcribe and aceount for protocol modiMcatiom when
d13eu33ing experiment re3ult3.

Ij11 aeeordance with a now wetl-e3tabli3hed protocol, three detee-
tiom per day were planned during final deeompre33ion, namely
one meamrement in the morning OIl the 3Wjject'3 waking, one at
2 p.m. and one at 9 p.m.

:1) KISMAN (K.E.), PIASUREL (G.), GUILLERM (R.)
Bubble evaluation code fbr doppler ultra3onic decompre33iQn data.
Ab3tract pubLi3hed in Undemea Biomedical Rmeareh, mpplewent to vol.
5, N" 1, March 1978, page 28.
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3. - RESULTS AND orsctjssIoN

3.1 - Efreet3 of Ra3 3witehinq

Re3ult3 of' the mea3urewent3 made to determine the importance of
the eounterdiffuMmn phenomenon are li3ted in Tabel L and in
Figure 1.

A3 we can 3ee, the counterdirru3ion remained quite moderate when
3mtchLng from a 55 % to a 30 % hydrogen Mxture. On the con-

trary, 3;ditching from the 30 % hydrogen mixture to the 0 %
mixture eight hourw later remlted in an immediate production of
circulating bubblm. Within 3 Minutm after ga3 3witehover,
diver A2 exhibited grade 2+ bubblm at rest and grade 3 bubbles
during mvement3, together with itching Ieg3 and torso. He
3imultaneou31y felt 3ick, dizzy and 3hivering a3 a probable
remit of the HPNS effect of helium. Thi3 diver also felt tired
out.

In diver Al dieh a phenomenon wa3 tolerated better. A3 regards '
diver A3 he wa3 not very much troubled. Ele only felt 3Qme
LtchLng3.

1 hour and uo mnute3 after hi3 return to·he1iox, diver A2 began
to VOMt. The divers were then mpplied with a 2 % cncygen mixture
through a tna3k. It wa3 decided to recompre33 the dlvers to

. 460 W3W.

After 1 hour of 3uch oxygen breathing the 3ymptow3 had sowewhat
decremed.

He took oft hi3 rmpiratory made that he could not wear arty
longer. Both of his knee3 and hi3 right wrist were 3ci11 aching.

.
2 houm and uo tninutm after return to heLLox atwo3ptiere diver A2

suttered bends Ln hi3 knees and hi3 left shoulder together with
itching. He then remitned M3 breathing the 2 % oxygen Mxture
through a wa3k during 25 minutem He U3o took 1 g of A3pirin.

A3 tor diver A3, who known to be a bubble-producing 3ubject
during decompresMom trow mturation, he did no Longer exhi'bit
any 3ympt=3.

5 hourw and 30 winute3 after return to heliox, diver3 Al and A2
were mde to breathe through a tna3k.

comex



9 - 6

4
=
'D

!
V

d
g

S
Z
E
m
<
2
3
E
"O

S
n
f

S
~S
2
~i

S
CJ

ij

a
"J
i

E
CD

e

is
C

D

?
E
Ĉ
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6 hour and 20 minute3 after return to heliox atmmphere, the
itching felt by Al lncremed but they could 3tilL be endured if
he stayed Iytng without any movement. Diver A2 also felt
itehing3 ; articular pains had not decrea3ed very much. The
pre33ure wa3 increa3ed by 10 m3w and the PiC02 wa3 set at
600 wbar.

T houm after return to heliox atmo3phere, a3 the Mtuation had
not changed very much, it was decided to recompre33 the divem to
470 =w, and to break oft the programme for a moment until the
Mtuatton wa3 clarified.

5 mgot' Valixm and 6 tng of Polaramine were mccemively preseri-
bed to diver A2 tor hi3 itchingm Later on, thli3 diver had to
3leep in a 3eated poMtion a3 it wa3 the only poMtion in which
he could feel 3otoe relief'.

The experimental progranme wa3 then modified on account of
counterdifru3iQn efYect3 oGerved in divem of the A group.

After return the helLox mixture chamber and cowpremion to
47O"m3w the divem were allowed to rest tor 12 houm at U70 w3w.
Arterward3, they were decmmpre33ed to U50 ir3w within uo houm.
Return to hydrogen wa3 eancelled and it wa3 decided to put oft
decompre33ion until complete recovery of the divem. After three
additional re3t day3 at U50 m3w the divem were decompressed
after being expcj3ed tor one hour to a 600-mbar oxygen aixtum
mppLLed thmugh a tna3k.

3.2— DecomDre33ion with heliox mixture

It 3houLd be remembered that the"decompremion profile wa3 a
comtant 45 win/tn protiie up to 15 w3w from the mrtace and
60 Mn/m from 15 id3w untiL mrfacing with a PiC02 a3 tollom :

600" mbar from 450 tQ 350 lr3w,
500 wbar trow 350 to 120 w3w,
600 mbar trow 120 to 15 w3w,

24 % between i5 and 0 w3w.

Re3ult3 of' the circulating bubble ultra3onic detCction performed
during decowpremion are li3ted in Table II in Figure3 2 and 3.
It can be noted that the f1mt bubbles occured very early, at U25
m3w, both in diver A2 who produced the greatmt number Qt bubble3
during the :witoh trow hydrox to heliox, and in diver A3 who
exhibited no bubbles at all during ga3 3witehing.
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The bubble production remained quite low up to 280 w3w, a depth
at which bubblm3 oecured for the firwt time at rest. Xowever,
with one exception in diver Al at i84 (7!3w, the bubbLe gradm at
re3t were never higher than grade 1, which 13 quite acceptable,
even though the divem exhibited grade 3 bubblm during move-
ulent3 on 3everai Qccasiom between 295 and 38 m3w. Diver A3 even

a produced grade u- bubble3 at 38 mw on one occa3ion : th:L3 bubble

grade then decrea3ed. Afterwards, Al and A3 exhibited a dLight
bend at 1,3 lll3W frcm the mrface. Thi3 bend wa3 treated by
recompreming the diverw to u ia3w, mpplying them with oxygen
through a wa3k on three different occa3ion3, and prem:ribing
1 tablet of A3peglo 1000.

3A— Decompre33ion with hydrox

Even before counterdiff'uMon incident3 occured among the divem
of the A group, it had already been decided to decompre33 the
divem of the B group int a hydrox atmo3phere, on account Qt their
behaviour which wa3 apparently tree from any trouble in hydrox
eiiviromtent.

Sub3equently, the advantage of decompre33ing the 2nd group in
hydrox environment wa3 confirmed by re3ult3 obtained with the
A group.

We had then to ehoom between two 3olution3 a3 tollow3 :

" — either decompreming and gradually removing hydrogen to return
to 200 w3w in heliox atmo3phere,

— or decowpre3sing narmalfy in hydrox atmosphere to 200 msw and
then switching ga3e3 according to the 3ame nethod3 a3 at
U50 µisw.

It 3eemed'to u3 that the tlmt 3oIution would probably be the
"lea3t 3evere, although Lt would then be diff1eu!t to .determine
the re3pe<jtive part3 taken by counterdiffuMon and mpersatura-
tlon Ln the pQ33ible formation of bubble3 during the tLrst part
of decompremlon. In addition to thi3 uncertainty Lt Mould be
mentioned that the decowpremion method3 to be med in hydrox
environment are not well known yei. Everything conMAered, we

3elected to deecmprem in 2-w3w decompremion 3tep3 Lmediately
followed by 1-tnsw reeQwpre33ion 3t?p3 in helium envirorment, 30
a3 to gradually enrich the mixture with helium and to reduce the
fi2 up to 2 % when arriving at 200 tnsw.
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Decompremion wa3 3tarted at a rate of 70 min/m, but in the
ab3enee of bubble3 thi3 rate wa3 gradually ineremed a3
follows :

- up to 65 tnin/m from 350 tll3W,

—up to 60 Mn/m fjrotn 30tj w3w,

- up to 55 tnin/tn trow 250 to 15 w3w.

For convenience' 3ake
decjompre33ion rate wa3
15 m3w and the mrtace

and not for the 3ake of necemity, the
then reduced to 90 and 120 win/ui between
(Figure 2).

The PiCO wa3 kept at 500 inbar between U50 and 100 w3w, at
600 mbarQrow 100 to 15 mw, and then at 24 % up to the siurtaee.

Re3ult3 Qt the cireulatlng bubble detection carried out during
decompresMon are li3ted in Table III and in Figure3 u and 5.

When analyzing the3e data, it appears that bubblm oeeured later
in the B group than in the A group, that 13 at 282 Ul3w in diver
B1. AfterwarM, a regular bubble flow wa3 ob3erved t'rotn 271 msw
in diver B3 who never exhibited bubble grade3 higher than 1 at
re3t and 3 during wovewentm A3 for diver B2, he never produced
any bubble.

On the whole, the 2nd decompremion wa3 tolerated better, and it
tnight have been pQ33ible to Lncrea3e it3 rate sooner. It 3ccw:3
that a decotnpremion rate of 50 win/ui would be a good coulpromi3e
likely tQ enmjre 3afe decomprmMon with both ga3 uLxturem It
would ai»j have prevented A3 from smffering bendm

It 13 worth noticittg that hydrogen decompre33ion ratc3 do not
appear raddcally different from tho3e of helium. A decoinpremlon
rate of the 3atne order tor two ga3e3 a3 different a3 helium and
hydrogen (3ee Table tV) would be a factor in favour of pertuMmn
a3 a decampresMmn Limiting element.
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SubjeQt3 L Al A2 A3

Sequmae ZQur3 R M R Fq R jq

a S D 1/2 h (I 'J ' Cl 0 0 0
JJ O k
Li) Go 3
a" O " 1 h uo Q 0 0 0 0 0

JJ X
m SU ·m
m CV4L'N a 3 h Cl 0 0 0 1 0

¶m ·a
um 5h (J 0 1 1 0 Q

O wm 0 cp H
0 »= = " 7 h 0 0 . 0 0 0 0m nbb»=

4
: g 10 m Cl 0* 2" 3" (J 0
Cm 4 ©
a 4m O 4)

4J JJ 1 h 20 1 2" 3" 3" 0 2m CO ®
m G'hal m
G 2a" % 2 3 h lj (I 2 POI 0 1
C. Cl mo O :J
o 4j g h 5 hi i5 0 0 2 3 0 1cl ·A cD 0 TJ X
cl) === X~
= cn »JJ.C g

*D1ver3.mtau3tadand aau3eated

.
MN : No : d1verexhamted(ly±ng down)

u U6Q wsw at the'beglnnlng of the 5th hour
after return

Compremioa| I

to heUmx
to U70 r3w at th8 beginning of' the 7th hour

TABLE I
K

,

RE3ULT3 OF BUBBLE DETECTION AFTER SWTT=NG

. FRCM mRcjc TO EELIOX

come x



9 - 10

y
P

0

E
O

C
O
'a
·^
'}

^

.£
G
O
2
&
e

Q

b

a)
f

g
~O
DO
S
'E
g
G
O
~i

0
G
~
~:J
O

dC

T
CJ
..
D
m
a

')
0

I
.

G

>
©

g
>G
O

.S

Z
=0~~
"E
cn
e
cp
6
~

a

qy
O
O
(J
n

U
rji

D
Ub
:J

6
lb
(.g
7
D
O

&
D
~
46
,0

0
m
i

n
)
.

G

C
m
ii

S]

!1
G 3

= O
m "

i!
u

MS

i!
g
9&
ii

Cum- - ..-

Oay3 Laced Depch Docdq--7— ·-— :Lo8 Al A,2 A,3 man 3ubblme~ j3w) (Qsutm) mda
(houm)

R X 7C & M KC R X 7¢ g SQ

m" rT 246 V9 Q8 tj DO Q' Cl 82 Q Q 80 Q 0 7¶ a Q

iu 257 us 19 3 'JO lj (J 58 'J t 30 Q Q 78 Q (J.JJ

ay ¶8 269 70T C)7 bi IS (I Q a6 (I T 82 0 t 92 Cl a.07

t5 m 392 19 ti 15 a Q 78 0 0 86 0 2 dO Q 0.67

my IB , 294 3T5 Q8 h (JO lj 0 92 Q T" $2 0 2 95 a 0.39

16 306 m 19 q ClO i 2. n q q 75 0 2° gs 'J.J3 t.44

m ?0 jms 34^6 UT h 3Q Q 0 94 0 T" TOO 0 ? · gu (I Q.ag

IT 330 32T ig h 45 G jb 75 0 2 68 0 2b dO Q 1.;3g

m Z: 31¶,5 3¶2 DT k 3Q r Cb 96 G 0 m 0 2 92 Q.22 0.67

18 m 295 19 tz US (I a go g j& ' 7$ Q 3 84 Q 1.4U

MT 22 355.$" 28Q QT h WO (J 2 gu T 3 82 T J° gu ' Q.67 2.78

¶9 3T1A m t3 h 2¶ Q t" 8Q 0 2 9Q 1 3 136 0.33 2.1¶
L W

378 ?63 20 h (jo q { as t 2 76 t 3 au q.67 2

m 23 390 2st ' dt h SO q i" 94 0 2" 198 a 3 93 q 2

20 396.5 us It h jy Cl 1" 77 1 3" 68 Q 3" d8 0.33 2.22

UOZ 231 ZQ ± IQ Q t" 80 g 2 75 0 3 84 Q.33 2.11

m 20 4n.5 2¶6 QT tr n (J 2 92 O 2 92 ¶ 2" go Q.33 2.?1

2¶ uzo.5 206 14 h 2T 0 2 82 1 2 i36 I ¶ 88 0.6? 1.67

U25.5 too t9 h 37 I 2¥ N Q ?p DU 0 t IQ 0.33 1.ag

my 25 U3T.3 IK 07 b J3 J" 3 96 Q 3 gu 1 J gu |.22 3

?2 4U 1?5 13 11 U5 (I 2" 82 ¶ 3" gu ¶ 1 I do 0.6? 1.77

450 167 20 n QQ I 3" m 1 2" 8Q f 3 d3 t ?,$6

my 26 '162 j5Q qt h uS t 2" go i 2" 36 0 ! 3 34 q.6? 2.55

23 u7.5 m 13 n 30 (j t 3u q 3 :a q, ! 2" -38 0 2.11

m m ¶9 a 'If) (j t d4 t 2" 7q 1 i 3" 38 ¢).6? 2.22

my 27 %6 119 DT h us 1" 3 88 t 3" do 0 i J 9Q Q.7'9 2.39

2¢ U92 ?12 13 h A 0 2 78 0 2" TO 0 1 2 3U Q 2.11

498 m 20 h (JO Q 3 da 0 2 3u ¶ 3b 3Q Q.33 2.78

m a 509.5 88' at h 33 a 2" 88 q · j 90 q 3 84 {j 2.11

* 3¶5.5 dO n h jg Q 2" gu 0 2" 80 Q Q ga Q 1,11

522 71 2Q n QQ t I d6 t 2' do 0 2" 9Q , mu [.ag

m 29 m 35 Q8 h t5 0 2 ST 0 ?" 80 0 r 106 Q 1.89

ZS m ST 1'1 h (jo q 1" 86 t r 83 0 2" tOQ Q.j3 2.1¶

546 38 20 h Q0 Q Q 78 0 ?" TB T I 4" 96 'J.33 ?

my jo 559 2t.S Q8 bl 1¶ t" ?" 92 0 2 98 0 2" 1QU lj.22 2.22

ZT 56B i!9 1'6 h QQ Q 2 i30 0 I su Q 1 2 gu Q 1.67

m 8 20 h (jo q ?" 88 0 3 90 0 2k 94 q {.66

m 3? 580 S Q! h uo Q Q IQU / I / Q Q 9.6 'J (J

2$ 585 Q.3 11 h (IQ 0 t" g4 Q (I IK 0 (I 1(}8 a (j,U4

~ (a · m a.zt 1,41 dUN 0.32 T.76 83 O.JO ?.2¶ 88.u

mmw tmm 1.077 9.336 qn0¶ ¶2.303 0.407 20.c2q g

TABLE II

come x



9 - 11

"(F
!iu

3
p

c
ju

o
3

 s
c
 Ip

 )c
@

j1
 d

i u
o

n
e

&
jq

o
 W

l A
q

 p
u

n
o

q
 8

tn
o

q
 s

'm
a

A
M

y
tn

p
e

 iu
o

w
m

o
p

$
!4

1
 jo

 U
o
µ
s
n
s
o
d
 U

! u
o
s
ia

d
 A

u
e
 'j@

u
m

o
 @

tj1
 p

 U
o
!s

s
!u

jm
 u

@
iiµ

m
 8

4
1
 In

o
q
j'm

 'jijq
n
d
 a

p
e
w

 R
e
m

 A
u
e
 U

0
 J

O
U

 p
3
)jn

jjs
u
e
1
6
 'p

@
s
o
p
s
ip

 "p
O

S
n
 'C

'a
g
n
p
o
}d

a
j g

q
 j3

4
U

3
u
 a

c
lu

 U
f?

!3
U

 p
0
u
fju

o
3
 U

o
¶
|e

u
jjo

µ
j! ire

 2
x
a
n
0
3
 :9

0
 A

-L
H

M
O

U
d
 3

h
a
 s

i L
h
p
"ro

o
a
 s

ih
l n

T "" '" "
:' ¶z-··,y3 S'... C~~ " " ' , «b.·· .. ·

·Y " ' ' . D6 chi · -· ' aqbu~"i. ~ u~ · +' (=) : '"- 2 !· :.t'!?:,' = ' ' 3'Y
. "'. ::'". ;:"' ' '

r .'· · ··N r~- ; %' " " ' · ' "

' · " . * N PC jr' + KC K 1¢ m it R

IQW )9' ?5T U2 qq h QQ G Q BT 0 0 92 0 0 do Q (I

¶& 162.3 43T m h 30 a CI 87 0 0 go 0 0 N Q (I

j60,5 432 20 ?1 3(j Q Q 76 Q J do 0 Q IS Q Q

nt m rm u?2 qt k m q q 92 (j 0 d6 0 (i d? q 13

rr 186 '016 1u h qq (i q 82 q j d8 0 (i n q j

¶92.5 art ?q h jo 0' q 16 0 (i 3u 0 tj to lj q

m 2t m UQ? QT IK ClO 0 (I 96 Q 0 do Q Q a Q 'J

t0 m m -"IS b ao q Q ?6 0 0 go 0 Q m 0 Q

a6·· 390 m N IB J (I 92 (I 0' 99 Q 0 62 a (J

lqky!7a =t 3$y cit & qq q o' w r (j 80 0 (i 82 0 q

1> 23k 176 14 I! QQ 0 Q 80 Q Q 36 0 Q n q Q

?UO.3 m 21J 3 3a J Q as 0 Q ?6 0 0 dO (I Q

fWF 23 m ]61 qt h tq a q 92 (i 0 80 0 (j « qj (j

»· 258 35% 14 ± !9 $ 0 ¶a 0. Q ¶0T 0 0 6? Q Q

26b ibo 20 u «j a q u7 q 0 igg 0 0 6d 0 q

mp » m m a?'h qq (i q a 0 a 96 q 0 1¶ q tj

. & uz ' 133 IS K (JO Q a d4 0 0 98 (J ' Q 73 Q Q

, ?88 m 2(1 h QO Q Q CO 'J 0 90 0 0 i :2 Q ! Q

my' » 299 ' 318 d7 k iq q (i 96 0 'j 1 94 q 0 80 q q

= m 317 jq h iS q q du 0 (j 98 q Q m q q

312.8 JOB 20 h ia Cl Q 88 0 Q ¶Q4 Q T" a Q Q.22

m 26 m 29f tja h 19 CI ' (I 90 (I (I ?0 Q Q 49 a Q

a' m U9 14 h QQ (I Q 1QO 0 Q ¶09 Q a 6d Q Q

136 282 2Q lb !5 Q ?' 92 0 0 98 0 0 64 (I Q.55

my 2T µr m al h 19 tj t ItO 0 (J 82 ¶ r ?4 B.33 Q.78

aN- m.s Z« 13 b 3Q Q T 1Q$ 0 0 98 J 2" ?6 G t.lt

360.5 m 2q b JQ (i q 81 (i q 83 0 ? 72 q q.74

m 2$ 3T¶ ZU? at ?1 1¶ g t 1¢jO 0 Q go t ? 9? 3.]3 {

3 377 2¢10 jq h qq a Q too j I 1¶6 Q r 3u Q cj.39

388.5 2]2 Uj n jqt [i t m n (I 104 r ? as 0.22 1

Ner 29 395.5 m 'j7 3 joi 'j I 1 i ft) 0 'j 38 i ?" 73 j. i] a.dg

25 m m f4n jg| 'J t (08 0 0 m t" 3" n Q,44 1.22

uvr.3 m 19 Li JO Q ( AB (I t) 100 I J' 32 Q.]3 1.12

my m 019.9 194 QT a Iq 0 Q 102 Q CJ m I" 1 go (1.22 q.33

zr 026 187 r4 & QQ Q I m 0 Q 96 0 . J" dO Q 1.22

OR m ZQ h (IQ CJ t 88 Q Q '06 I 2' 76 a. 33 1. |1

Nr 3t wT 168 QT K QQ Q a 88 Q (J 3U Q .?" ?Q a am

20" m" m 1¢ b Q0 t i; 9? 0 0 96 T 3 d6 , Q.67 l.j3

m 13b 20 K Q4 Q Q 96 0 (J 96 Q 3' d4 Q Q.d9

m 16T N2 a? N QQ Q 1 96 0 0 Sb T J m 0.]3 $.33

?8 m m µ a GQ Q Q m Q 0 m Q J" m Q Q.&9

UQ 128 ao h 00 a t 100 Q 'J ¶05 I"' 3" 93 Q.22 1.22

J~ m' 59¶ 116 (j? h ¶g Q Q f¶2 Q 0 too ¶ J ?8 Q. 3J t

»' U90 m 1U h ClO (I 0 1?0 G} Q m 0 J 92 Q t

m· m 20 hi ® I) Q 92 (I Q ¶00 0 · J Bd Q I

Jump M 9¶5 ge q? k ® ' a q 90 (i q go 0 3 91 a i

jt ' m $2 14 n ® {J Q 92 (I 0 !2 Q 3 92 d t

' m :?6 20 k 1¶ q q 96 a 0 9? T j dq Q.:t2 f

:~ 4O m q n El QQ (I T 90 0 (I gu ?" r ?q 3.= t,u

32 yt6 36 is n m q 0 go q (i 108 ) 3" m q.33 tj.ag

ssa 49 2Q N QG Q I 96 Q (J gg I" 3" d8 Q.23 t.:a

m m. ¶ :j8 QT h Id Q Q 90 Q 0 90 } )" m Q.33 I. n

W, m 29 IS h Qd Q a 84 0 0 1QQ t" 3 82 Q.22 I

m U.7 ?Q N Q(J Q Q 78 Q 0 90 Q jP gq a I.n

^~ 6W m t3 QT 8 49 ' Q Q go 0 Q too 0 I 98 a I.j3

» su 9.6 1$ H oa d Q 92 Q 0 too 0 0 m Q cl

6QO 6.$ IQ a 19 Q Q 98 0 o )Q0 CI q gg g) a

J~ m m I.? Q? N SB (J Q µ Q 0 90 Q 0 32 Q Q

» 690 3urtMq f4 N QQ G Q t20 0 0 nz 0 0 m 4 . Q

(e · 99) qai?, a.m g3:3 Ql 0 99,8 q.zt I.jg aq.g

$e~mrr Lndmm Q.m Q.m 0 q 0.m imd6

. .. .

I
I

I

t

cornex



9 - 12

«
je

u
u
a
p
W

a
o
 s

c
 g

o
 m

n
 e

 U
o
n
e
6
!tq

o
 0

4
0
 A

q
 p

u
n
o
q
 B

u
y
'q

 s
*p

0
ro

u
p
e
 iu

a
u
m

jo
p

S
N

l P
 u

O
a
$
s
«
s
o
d
 u

f u
o
m

d
 A

v
e
 j3

lln
1
0
 m

n
 jo

 u
o
rs

s
µ
n
e
d
 U

e
ll!)m

 0
4
1
 ln

o
q
ltm

 m
jq

n
d
 a

p
e
tu

 A
c
m

 R
u
e
 u

i )o
u
 p

@
ljtw

s
u
e
n
 'p

a
s
o
jjm

p
 '¢

3
s
n
 'p

e
jn

p
o
jc

ta
j g

q
 j@

4
j!e

c
j a

c
lu

 m
m

 p
c
u
¶
c
)u

o
3
 u

o
p
|e

u
jjo

lU
! n

e
 'X

3
V

V
O

:J
 :9

0
 A

L
E

l3
d
O

U
d
 3

H
A

 S
t jN

"~
D

O
C

j S
IH

L
 n

Cktwald' 3olubiltty coefficient at 37" C

Atomic in mill
Ga3

weight
Water Oil Blood Xu3¢!le

R2 2 18 49 18 17

H u 10 17 10 12
e

N2 28 1U 73 18

Solubility of inert ga3e3 Ln biological nuid3 and U33u3 : a review.

WEATAERSBY P.K. HCMER L.D.

Undemea BioWedical Re3eareh ,7, (U) 277-256 (1980).

NOTE : We ohcme tor eaeh ca3e mean value from the rsterenciem

TABLEAU IV
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During the course 'of the experitnmtal saturation dive using heliox and

hydrox at the CDMEX Hyperbaric ResearCh Center in May and june 1985

(Operation HYDRA V) bioChemical controls were established by measuring

the blcod and urine factors of eaCh team of three divers (Tbam A and

TCam B) occupying separate hyperbaric chambers . The following paraneters

were studied :

- Usual biological factors (counts, picture)

- Usual biochernicaL factors

- Muscular enzyne release due to cell injury

- Hydroeletric metajjoiism

- Endocrine exploration (adrenal and thyroid hypoEhyseal axes)

QONCLUSIONS

Analysis of the measurements made during the HYDRA V experiment indicates

that :

- team B had lower enzyrre counts of cardiac origin

- team B had imre stable platelet counts

- team B showed fewer hypophyseal thyroid disorders

- team B showed a rrore pmnounced tendency to transient hyperaldos-

teronism, or Conn's syndmme .

While these observations do mt ' constitute sufficient basis for evaluating

the effect of hydrogen at high pressure on hurtan beings, they may prove

useful when analysed Ln conjmction with those of later hydrox dives to

provide nijre precise data.

comex



((ie
lllja

p
fju

o
j s

c
 l! lC

d
jl 0

1
 u

o
lle

S
[!q

o
 a

y
j A

q
 p

u
n

o
q

 6
u

p
q

 $
@

6
p

a
m

o
tn

p
e

 ju
im

m
o

p

s
:y

j jo
 u

o
µ

s
a

s
s
®

 L
il U

o
s
ja

<
j A

u
f "ja

u
m

o
 a

y
j jo

 u
o

!s
s
!u

jj*
j L

ja
lj!^

 Q
4

l jn
u

y
µ

m
 m

jc
n

c
j &

p
e

L
L

 R
e

m
 h

u
e

 u
! jo

li p
a

u
iw

s
u

e
n

 'p
a

s
o

 3
s
ip

 p
a

m
 'p

&
jrp

o
jc

m
: a

q
 j?

4
llg

u
 A

c
lu

 U
!g

ja
4

 p
@

w
e

iy
c
k
) u

o
:le

L
U

jo
ju

l jje
 ')G

b
N

O
3

 d
O

 A
.L

H
3

d
O

U
d

 3
F

L
L

 S
I L

N
3

N
C

O
O

C
I B

E
L

L
 )}

HYDRA V

THE EFFECTS OF THE DIVE ON LUNG CAPACITIES

R. HYACINTHE, EASSM-CERB, BP 610, 83800 1K)ULDN-NAVAL
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The following lung capacities are measured before and after a deep dive

in order to assess the effects of the ccrqpression, txjttam time and de-

caijpresion on the pulmonary function :

I) Vital Capacity (VC) in LBTpS

2) Forced Expiratory Volune in I second (FEV1) i" LBTpS·S"1

3) Maximum Expiratory Flow Volune (MEFV) i" LBTpS.S"I

4) Maximal Voluntary Voltune (NlV\7) in LE3TpS·min."l

5) Carton Nbnaxide Diffusing Capacity of the Lung (DIAD) in
mlSTpD·min. "Ltorr, "1

6) Carbon Monoxide Diffusing Capacity per liter (DLCO.%"I) in
"lmD"t°"^Lms"l

CONCUJSIONS

I) 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 ranarkably well tolerated

The rigorousness of the living and mrking conditions enabled one of the

divers to recxjver fran the activities he had been engaged in before

HYDRA V.
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DIVER Al

Age (years) : 40

Height (m) : 1,89

Weight (kgs) : 88

Body surface (square meters) : 2, 15

Vital Capacity (CV) i" 4tfs '

Pre-dive : 6.32

Fost-dive : 6. 28 (crnpared with pre-dive) = - 0.6 %)

Fbrced Expiratory Volurre in 1 second (FEV1) in Ii3TpS.S"l,

Pre-dive : 4.15

Post-dive : 4. 10 (compared with pre-dive ="- 1.2 %)

Maximim Expiratory Flow Vobme (MEFV) i" LBTpS·S"I :

PrEz-dive : 2.45
.Kjstmiive : 3.93 (compared with pre-dive = + 60.4 %)

"'==%,'""" (M) 'n 'b,,,.m'n."' '

Post-dive : 208 (compared with pm-dive = + 6.1 %)

Carbon Nbnoxide Diffusing Capacity of the Lung (DLCO) in mlSTpD·min."l

-1
.torr.

Pre-dive : 24.1

Post-dive : 32 .2 (compared with pre-dive = + 33 .6 %)

Carbon Nbnoxide Diffusing Capacity per liter {DlroNE"I) in mlSTpD'tor"

""'"13tps"' '

Pre-dive : 4.02

Fost-dive : 3.35 (campared with pre-dive = - 16 .7 %) .
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DIVER A2

Age (years) = 35

Height (cm) = 183

Weight (kg) = 80
Boay surface (square netter) = 2 .02m2

Vital Capacity (CV) i" %TPS ,

Pre-dive : 5.53

Post-dive : 6.05 (Qonu?ared with pre-dive' = +9.4 *)

.

Forced Expiratory Voltune in 1 seCond (FEVI) i" IbTps·s"l

pfe-dive : 3.60

Post-dive : 3 .56 (compared with pre-die = - 1.1 %)

Maximum Expiratory Flow vohme (MEFV) i" LbTps.S"l ,

Pre-dive : 1.91

Post-dive , 2 .02 (compared with pre-dive = + 5 .2 %)

Maximal Voluntary Volume (MW) i" %IPS ·min."1 .
0

Pre-dive , 192

Post-dive : 202 (corrjpared with pre-dive = + 5 .2 %)

Carbon Monoxide Diffusing Capacity of the Lung (DIED) in mlSTpD·min."l

"1
.torr. :

pre-dive : 21.0

Post-dive , 20 .6 (canpared with pre-dive = - 1.9 %)

Carijon Monoxide Diffusing Capacity per liter (DLCDNE"I) in mlSTpD°t°«

""'"'6tfs"' ,
Pre-diye : 2.10

Post-dive , 2 .26 (cxmpared with pre-dive : + 7.6 %)
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DIVER A3

Age (years) = 34

Height (an) = 176

weigiit (kg) = 74

Boay surface (square lrEter:) = 1.90

Vital Capacity (CV) i" %TPS ,

Pre-dive : 6 .25

post-dive : 6.21 (cKjrrFared with premlive' = - 0.6 %)

Fbrced Expiratory Volume in 1 seoond (FEV1) i" 4tps ·S"l

' He-dive : 5.01

FDst-divc : 4 .92 (compared with pre-dive = - 1.8 %)

Bhxijmum EXpLratory Flew volune (MEW) i" LE3TE,S.S"1 ,

Pre-dive : 4 .81

PDst-dive : 4 .85 (oorupared with pre-dive = + 0.8 %)

Maximal Voluntary Volume (NIVV) i" %TPS ·min."1 .
P

Pre-dive : 172

PDst-dive : 208 (crmpared with pre-dive = " 20.9 %)

Carbon Nbnoxide DiffusingCapacity of the Lung (DUD) in n1lSTpD·min."l

"I
.torr. :

Pre-dive : 25 .7

Post-dive : 26 .4 (cF)m?ared with pre-dive = + 2.7 %)

Carton Bbmxide Diffusing Capacity per liter (DLCONE"I) in "lSTpD"to=

°"'"'6tps"' ,

Pre-dive : 1.84

Post-dive : 2. 45 (compared with pre-dive : + 33.1 %)
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DIVER Bl

Age (years) = 32

Height (an) = 176

Weight (kg) = 73

Boay surface (square netter) = 1.89

vital Capacity (CV) in 4tps ,

Pre-dive : 5 .60

Post-dive : 5.67 (corrpared with pre-dive) = + 1.2 %)

Nrced Expiratory vol in 1 secord (FEVI) i" LBTpS.S"I

U-dive , 4. 16

Post-dive : 4 .04 (compared with pre-diw = - 2.9 %)

Nkxijmjm Expiratory Flow Volune (MEFV) in Ii3Tl?S.S"l ,

Ere-dive : 3e ll

Prjst-ciive , 2 .91 (oorrpared with pre-dive = - 6.4 %)

Maximal Voluntary Volume (MW) i" LB!IpSjnin."l ,

Pre-dive ' 156

Fost-dive : 170 (cxjrrFared with pre-dive = + 9 %)

Carbon Mcjnoxicie Di£fusirigCapacity of the Lung (DLCO) in mlSTpD·min."l

"I
.torr. :

Pre-div'e : 35 .4

Post-dive : 22 .6 (cjc%Fared with pre-dive = - 36 .2 %)

Carton Mcjnoxide Diffusing Capacity per liter (DLODNE"1) in mlSTpD·torr

'"'"13tps"' ,

Pre-dive : 3 .38

Post-dive : 3 .40 (compred with pre-dive : + 0.6 %)
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DIVER B2
)
,

Age (years) = 31

Height (cm) = 179

Weight (kg) = 75

Body surface (square meter) = 1.94

Vital Capacity (CV) Ln %TPS ,

Pre-dive : 5 .40

Post-dive : 5.83 (conpared with pre-dive' = + 8 %)

Fbrced Expiratory Volume in 1 secxjrti (FEV1) in Fbtps ·S"l

' Pimdive : 4 .09

Post-dive : 4 .55 (co]upared with pre-dive = + 11.3 %)

mximum Expiratory Flcjw Vol (mefv) i" Ib!rps.s"l ,

Pre-dive : 3 .48

Post-dive : 4 . 10 (compared with pre-dive = 17.8 %)

Maximal Voluntary Volume (MW) in Ii3TpS.min."l ,

P=dive : 139

1?ost-dive : 174 (corrqµred with pre-dive = + 25.2 %)

Carbon Monoxide Diffusing Capacity of the Lung (DLCD) in mlSTpD·mi'n."l

"I
.torr. :

Pre-dive : 24 .7

P\Dst-dive : 34 .6 (emµared with pre-dive = + 40 %)

Carbon Pbmxide Diffusing Capacity per liter (DLCDNE"1) in msTpD°torr

""'"'ms"' ,

Pre-dive : 2. 36

pest-dive : 3 .79 (ccmµired with p~dive : + 60.6 %)
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DIVER B3

Age (years) = 34

Height (an) = 172

weight (kg) = 75

Body surface (square mter) = 1.88

Vital ca?acity (cv) i" LbTps ,

Pre-dive : 4 .77

Fost-dive : 4 .84 (corrpared with pre-dive' = + 1.5 %)

Fbrced =iratjory Volume in 1 seoord (FEV1) in 4TpS.S"l

' *-dive : 3.57

Ebst-dive : 3 .68 (compared with pre-die = + 3.1 %)

Maximum Expiratory Flcw Vohune (MEFV) i" Ib!rps.s"l :

Pre-dive : 3. 30

post-dive : 3 .49 (oampared with pre-dive = + 5.8 %)

Maximal Voluntary Voluine (MW) i" IbTpS.lnin."l ,

Pre-dive : 177

Kst-dive : 169 (cxmpared with pre-dive = - 4 .5 %)

Czu±on Monoxide DiffusirigCapacity of the Lung (DLCD) in mlSWD·min."l

.torr, I .
0

Pre-dive : 23 .9

post-dive : 21 .0 (compared with pre-dive = - 12.1 %)

Carbon Nbnoxide Diffusing Capacity per liter (DUJDNE"1) in nlsTpD"torr

·"'"'Jbtps"' ,

Pre-dive : 3. 19

Post-dive : 2. 30 (cxmpared with pre-dive : - 27.9 %) .
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HYDRA V

SCINTIGRAPH EXAMINATION
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Lung examinations using Xenon 133 and bone examinations using MDP Tc 99 m

were carried out on all of the divers before and after the HYDRA V dive, but

the exertion test with intravenous injection of Thalliun 201 was only carried

out before the dive. The same protocol was follcwed as for the ENTEX 8 and 9

dives.

The'Xel33 lung examination was made preparatory to studying the ventilation,

the perfusion, arid the ver]tjAation/mfusion 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-

kilimwhichmay occur during the dive and which will shew up as hyperfixa-

tions. The exertion test with Thallitun 201 injection caiibined with ECG is

used to eliminate any possible latent coronary pathology.

CDNCUJSIONS

Diver B3 had a significant hyperfixation ijn the proximal epiphysis of the left

tibia, and the other five divers showM a diffuse increase in fixation of the

joints of the lower limbs. Xe 133 lung examination danonstrated little or no

variation in the ventilatory parameters but a decrease in the peak perfusion

with an increased veeritiAaticn/perfusicm ratio. The Thallium 201 exertion test

eliminated any latent coronary lesions in the six divers.
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HYDRA V

ODOROUS PROPERTIES OF SOME GASES IN HYPERBARIC ATMOSPHERE

P. LAFFDRT, CNRS, GIF-SUR-YVETIE
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Odorous properties of some gases in hyperbaric atmDsphere
P. LAFFORT* and C. GORTAN**
*Laboratoire dc Physiologic de la ChimiorCception, C.M.R.S.,

91190 Gif-sur-Yvette (France)
**COMEX S.A., 36 Boulevard des OcCans, 13275 Marseille-Cedex 9 (France)

The unique demonstration of an olfactory perception at hyperbaric
atmosphere, for gases inodorous at normal atmosphere, was made by P.
Laffort (Thesis, Paris-Orsay, France, 69 p., 1966 ; and .i.n. Theories of
odor and odor measurement, M. Tanyolarr ed., Maidenhead, U.K.,
Technivision, 247-270, 1968) (I). Nevertheless, two difficulties arose
with this former experimentation. First, the pressure was limited to 5
absolute atmospheres (ATA), ori 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 ouf in a range of 2-23 ATA, in
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 actecl as subjects (L. Schneider, P. Raude
and J.G. Marcel-Auda). Polyethylene bags closed by a glass nose piece were
used and filled with studied gases (methane and krypton). The bags were
filled at the time of the measure by the divers themselves from a 1 liter
water capacity bottle, identified by code names. The odourless control was
constituted by a third bag filled with helium. The experimentation was
completed by a measure at normal atmosphere with 9 other subjects.

From "odorous" and "odourless" responses, a dose-response curve was
obtained entirely for methane and partially for krypton. The olfactory
thresholds (SO % of positive responses) were evaluated at 2 ATA for
krypton and 3 ATA for methane. Par:tia.l pressures of impurities, calculated
from data of A.IR LIQUIDE Company, can be corisidered as negligible at theue
pressures. The lowest pressures for which the two gases were olfactori.ly
perceivecl with 100 % of positive responses are 6 and .13 ATA, respectively
for krypton and methane. According to the terms used by the divers, the
odour quality of the two stud.i.ecj gases seems of "chloroform" type, with,
in addition, an "irritating" touch for krypton and a "refreshing" one for
methane. From several considerations, it can be assumed that the sensation
induced by methane and krypton is olfactory and not gustatory of "sweet"
type.

The higher odority of a gas in hyperbaric atmosphere is explained by a
higher concentration of this substance at receptor cells level : in the

case of pure gases, the partial pressure equals the environmental total
pressure. The results obtained demonstrate the existence of' olfactory
sensitivity for these substances known as inodorous. Moreover, planning
structure-activity relationships, it is possible, by this way, to know the
olfactory thresholds of small. molecular weight compounds (for example,
human thresholds of n-paraffin were known in a range of C2-Cl8 till now).

___________
(I) E.M. Case and J.El.S. Haldane (Nature, 148, 84, 1941) found,
immersion of the subjects in the gases to be studied, a metallic
for oxygen and nitrogen, respectively at 8 and IQ ATA
atmospheres).

by total
sapidity
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HYDRA V

CPHTALMQLOGICAL MEASUREMENTS

D. GULDNER, C.O.M., Martigues France
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INTRDDUCFION

On HYDRA v occasion, an opU±almlogist was integrated into the scientific

team of an exFerijn2ntal dive for the first time at CDMEX.

A fairly ccmplete range of ophtalimlogical and neurc-opthaljrolQgical tests

was carried out on each of the two teams, five times and under sEecially

adapted technical conditions.

An ijrFortant quantity of measures was obtained. Results, which are surpri-

sing at tines, should be considered with care, compared with those of other

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

to define variation factors better.

We will study :

- relations between cjphtallrDlogy and expeUmental and professional diving,

- masures realized in Martigues OFhtaljrological Centre (MJC) ,

- chosen tests and rreans used to carry them out,

- experjjnentationp results,

- possible conclusion,

- and we will try to anticipate in which direction future research should

be done.

I - OPHTALNDUJGY DURING EXPERIMENTAL PND PROFESSIONAL DIVING

I) Why Oglta1rrDlogy ?

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

- envirormental peroeption is rtrxiified as far as visual acuity or visual

field is mnerried,

- a manual worker' s binocular vision and therefore his notion of relief

is affected,

- an acquired dyschtanatopsia alters perception of safety signals or

estimation of work realised by a welder

.
So : sensorial mdification and efficiency, anticipation of accident at work

risk, but also from a neurompthahrologica1 point of view, achievement of

additional results .

2) Cphtalmlogist and experinental diving

A professional clinician, whatever his additional training and diving or

aeronautical medicine and his habit of sport diving is, knows little about

professional diving and even less about experiirental one .
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He must integrate into a team of researchers that often work in a laboratory

and have knorrw one another for many years whereas his special field is not

well known .

He must understand divers in their reactions and through a vocal decoder,

during a relatively heavy exEerijnental program.

He mist adapt his research means to diving systems.

3) Examination enditions :

The technique used to carry out the tests is largely modified. It is diffi-

cult to observe the diver, especially his corneal reflex and therefore his

fixation. His v'Dioe is hardly understandable at times. 1Ihe voluixe of the

equiµrent which is Elometines needed in duplicate as it was the case fOr

the HYDRA V eXperiment and its two chambers is limited by the exiguity of

the cihanibers .

No light source can be introduced into hydrogen atnrjsphere.

Light has sometirres little intensity and does not reproduce solar spectrum :

in addition, its reflexion on very closewalls mdifies its wavelengths.

So, luminosity on the tests table was 400 Lux inside the spheres, 180 Lux

inside the chaniber, therefore at the limit of high mesopical illimination.

Portholes, through which the visual field was done, were 10 cm thiCk, with

a 19 cm diter in the spheres : 11.34 and 30 in the chamber.

As a result, the choice of tests and devices was affected by these conditions

and teChniques used to carry them out had to be adapted.

4) Choice of the tests :

Our choice was influenced by a previous mrk (1977, Tjuiouse - thesis :

Investigation means in clinical experimentations of neuruvasculotrop medicines

in degenerative ocular pathology) , our daily oFhtalmlogical praCtice, our

knowledge of diving and aeronautical medicine and our practice of sport

diving.

TCSts had to be of current usage, using devices available in the whole world,

pmviding results with figures excluding any notion of "better or not so

' good"; they also had to be easily learnt and perforrred by the divers, compa-

tible with the above rrentioned environrrental facts, conparable in the Uvrj

chairbers, and be easily ·reprcduced by any team.

II - DIVERS' EXAMINATION AT MARTIGUES ClPHTNM)LEGICAL CENIER (M.O.C.)

I) General information

'Ihe M.O.C., where three doctors and two orthoptists work permanently, belongs

to a group of nine ophtalmlogical surgeons; they have very complete and

camex
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sophisticated therapeutical and investigation means.

IMO teams of 4 and 5 divers were examined for 5 hours in front of (JOMEX and '

GISMER doctors; this would have been felt as long and exhausting by any

patient. One must acknowledge their real cooperation.

List of tests and their presentation appear on the enclosed annex. we use

these tests daily; they are hardly agressive and were giving us all the ne-

cessary information for diving.

Only the pupillary dilatation after cyclopegic effect necessary to examine

retinal fundus periEhery seems to have affected the divers, because of its

average of 18 hours remanence.

Each battery of tests was preceded by an explanation.

Examination of ocular mtor functions and initiation to the tests to be car-

ried out in a caisson were perfected by M.O.C.

Colour tests and visual fields which had to be carried out in a caisson under

very special cxjnciitions were not perfected at M.O.C.

2) RE2sults

Visual acuity is good only apFarently. As a matter of fact it is 6/30 or

20/100 in A2 and B2 because of a noticeable latent hypermetropia that

required a correction of presbyopia in one diver (A2) at the age of 35. Se-

parate reading glasses were prescribed and worn during the test after a first

phase devoted to getting accustomed to them.

A more or less iluµjrtarlt ex®tioria appears with MADDOX wing test.

Rnmg the selected divers, fusion is bad in a diver (B2) who has a non-

corrected hypermetropia.

Kb glaucoma's were found.

In the ocular fundus eye, a tendency to an increase of the minimum opthalmic

artery pressure arid to a retinal arterial narrowing, among divers who were

examined, is notioeable; finally one man (Al) shows sotre mdifications in

the retinal periEhery.

III - TESTS USED

- Visual acuity was measured acciording to SNELLEN and FDSSANO-WEISS charts

in order to eliminate any clues given by letters.

- The amplitude cjf accolmjdation is the value of the difference between

the far point and the near point. 7he near point was masured from the

TRAGUS, to avoid quivering with a gratuated rule on the srrellest R.W. tests.

- !Ihe MADDOX wing test, which dissociates each eye imge close to treasure
the position of ore eye in relation to the other.

No deviation is called ortho]moria, external deviation is called emphoria,

comex
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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 ireasured from far and

near distance. Norms are 20 and 40 prismatic dioptries respectively.

- Color tests were carried out with the FARSWORIH 100 HUE. ,
This test, which is time ensurning and tedious but very sensitive, cxjnsists

of classifying 85 coloured chips covering the visible spectrum. It detects

congenital and acquired deficiencies in the perception of one of the three

fimdamental colours and given an error score . Considering the weak luminosity

and the time available, the test was carried out in binocular and for ahjut

20 minutes .

According to the kind of ocular jjmpairenE!nts it is found, classically, 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.

'Ihe visual field was achieved with a multiple stimuli static perimeter,

mEDMAN type.

The subject' s head maintained on a chin rest from where a mesopic illurnina-

tion is given , is Located 33 cm away fmm a screen which has a 36 cm

diatreter 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 µirticularly difficult, since it was achieved

through a thick and narrow porthole, the chin rest and so the lighting of

screen suFpressed, whereas a 33 cm distance was kept. Various devices made

that examination reliable and reprcductible from one cihairber to the other.

The three divers were tested in about 30 minutes.

IV - RESULTS

;

!Ihis test program was carried out on each diver 5 times, except for the

iresopical vision which would have been boo tiring as far as time is concerned

because of the tijne required to dark adaptation for the vision of ciolours

during the fifth test,since teamBwas tired and close to going out.

TCSts were carried out on day (D) : 2. 6. 13. 15. 27 for team A

and day (D) : 0. 3. 7. 18. 21 for team B

In eaCh case we had 90 minutes that turned out to be sufficient to set im 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.

comex



12 - 5 A

UJ

.C
~

"D

C

2
cn
cn

31
cn

&
C

C
O

2
D
a

>
C
©

i

!
0
.G
~
-O

C
O
0
In

E
&
C
Q)
=

S
D

.G
-
-
a

.C

S
QA
&
riP

'D
m

E
b
g
>C
m

C

15
C

"ry
D
m

E
U>
C

S
-
g
O
O

Z
D

U
lip
U'p
"J

-0
©().7
T7
O
ii

y
Op
.D

Z
'6
C

>-
CO

E
C
§

: ,

ii

Z 'D

S
O n
'= m

Fz
??
= D
©

yj
8Z
6E

#
8 :J

?2
m m

EZ
V)

9! &

I!
cp

a

m 'D

I) Visual acuity ;

a) far vision results regarding team A were normal or sometines not enti-

rely transcribed.

As for B2 and specially B3, variations must be cxmprared with troubles

of the visual field.

b)' near vision, the divers transcriptions cannot be interpreted. This

may be due to the canplicated marking system of the R.W. chart. Never-

theless, minimum dizitanos cjf clear near vision, always below 20 cm,

lead us to think that for arreasure conventionally realized at 35 cm,

modifications are not major ones.

C)' amplitude of accomcdation :

. was obviously disturbed,

. rna:x=urrujupairement was reached at 450 m

. curves were often biphasic.

0

2) Ccular imtility exqmination.

A di'fference between tests carried out at M.O.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 accjDmodatjx)n which hardly relaxes in a reduced space or already the in-

fluence of gas or pressure and physical adaptation ?

1 - With the MADDOX test wing the ex®tioria diminished in , at least,

4 cases. In 3 cases it was reduced even reversed.

2 - Mth the prism bar, it is mainly the near crmvergenoe which is alte-

red. The near and far representative curves were sorretirres 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 area was clearly

altered; mdifications made on the equiprrent, the noticeable increase in the

portholes thickness through obliquity, the frequency of the phenomenon in

current OPEl. practice do not make us take that alteration into accxjunt.

A decrease of paraoentral sensitivity will appear in three divers. Mainly

for the sarre diver : B3. On D.7 a decrease of perioccecal sensitivity of the

left eaye was cbserved. On D 18 the pericoecal scotoma was enlarged and on

the right eye it was found a slight decrease of nasal sensitivity, calling to

mm a left lateral homnyrrms defect.

In Ell, a very relative left peri central defect on D7, left pericoecal on Dl8.

In 133 and Bl, these defects seemed to be an associated mdification of visual

come x
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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 inake a diffe-

rencje between helitun and hydrogen and between the two chahbers.

4) Color vision ¢

IMO types of deficiencies have been observed.

a) In the reference measures realised in confinerrent 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 nnicsQpic

level.

b) A dyschroinatopsia axis appears in Al, A3 and more or less in A2 on

D 13, 15, 27, in Bl, B2,83 oiiO;j, D7, mcjre or less on D 18.

Errors reached their maximum for both teams in the first and third Fox-

sarrple, which oorresµmded to a triton axis, and so to a deficiency in the

blue.

These deficiencies varied through tinrz and although the axis varied, it

stayed tritari which was a confirmation of an acquired and dynamic deficiency

The mesopic level cannot be put forward specially since the chamber stays

the same for team B.

5) Hydrophilic contact lenses

We had been given by ESSIIAJR Latxjratories 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 chardbers.

ESSIIDR gave us the following results :

" As for as the discs are concerned, it was noticed that two samples out

of twelve: Showed an increase in thickness varying fmm 1 to 4/100 th after

diving.

" As for as the lunette lenses are concierned, twr) out of four showed

an increase in the internal 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 concierning the lunette lenses, it was noticed a fungical presence on

two of them and, on the four others, either a violet light or a slight pink

c»louring.
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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 whichwas realized in the OPH centre is

normal and showed no sign of a chronica1 pathology.

" Sane of the tests whichwere carried out are open to a development in '

their practising and so a progressive iirprovment in results could have been

observed.

,
m The two groups differed at times but results ranained hcmogeneous in a

same group.

m The effects changed through time without allcwing 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.

- rnaximum deficiency at the beginning of the stage at 450 m

- inaximumdeficiency at the end of the stage

- finally biphasical curves

" Curves between D6 and Dl3 are uncertain considering DB for Team1\

" Finally the etiopathogenia of these troubles is difficult to assert :

- it is probably several neurmophtaRlojical structures the function

of which has been altered, considering the variety of disturbed tests.

- for a same structure, such as retina, it is not so much a question of

a vascular or neurological systematization than a question of showing a grea-

ter sensitiveness to a factor of a cells population : specific cones of the

blue for the 100 HUE or average zone for example for the Friedman.

_ very fewcxxmon denimlnators can be reallymentioned by an ophtalmolo-

gist and, for a first work, one could not reason by &ialcxjy without extrerne

care.

V - WORK PROSPECT

" The choice of the tests seemed to be gccd and gave a fairly wide range of

cpht:almlogical exploration

m Time needed for testing can be evaluated at 30 minutes per diver

" the choice of 5 sets of tests programed by COMEX is to be kept

came x
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Considering the t;ypes of curves obtained, the tests should be performed :

- in cmfi.nenent

- Shortly after arriving at the maximm depth

- shortly before Leaving it

- shortly after the beginning of the ascent

- and during decanpression

m They are very fwmcdifications to be brought to the way the tests were

carried out, only :

- a closer supervision of the results transcription by the divers

- a mcjre sophisticated installation for the Friedrrann

m The pressure and various gas am influence could be determined by a daily

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

accamcdation, Maddox, prisms.

" If phenanenons of an accumlative type were confirmed, could the ophtalm-

logist participate in estimating the maximtm duration of a stage ?

m The arrival of new devices suCh as the ERG, EEG, PEV which do not require

pupillar dilatation or contact lenses, wrxild allow an exploration of the cen-

tral and peripheral retina of the secondary optical ways and of the scotopic

and photopic systems.

m At the eye fundus, vessels and the pao could be checked on a great number

cjf divers and allow statistics calculation.

m In the absence of any opht:ahxiLcgical 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, Helic»c, Trimix mixes and also at greater depths.

OONCLUSION

For the first time in deep experimental diving and for the first time in an

hydrcgen mixture, a set of opthalmlWical tests has been carried out, showing

a wide range of the speciality and giving a very satisfactory amount of

results thanksto the fact that 5 measures were made possible.

These tests were obviously disturbed.

Considering the results obtained, the non-agressiveness of the tests, the

accurac;y of the results and of the etiological hypothesis, the participation

of neuro·-opthalmology and cjphttalmology could well be thought of for future

diving.
ccjmex
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1 - TECHNOLOGICAL IMPERATIVES

The preliminary study of the flammbility 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 mst important

elerrents in the preEaration 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 equiprumt.

Due to the equally high level in the competence of the surface personnel and

the quality of the installation, the 18 days "on hydrogen" passed without any

mishaps.

2 - STUDY OF BEHAVIOUR AND MEDICAL SUPERVISION

The harmlessness of hydrogen as a breathing gas during long exposure was

confirmed.

Our rough calculation of the PH2 level tolenable. 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 FH2 (23 bars instead of 25) would

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

sustained any HPNS disorders while breathing the ternary mixtures of rrore than

25 % hydrogen.

we were expecting a resurgence of HPNS on heliox but not so pronounced, in

view of the fact that = 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 IJl we were prepared for an effect of isobaric counterdiffusion, but we

underestimated it, if only because of its variability from one individual to

another and the precautions we had taken of an B-hour transit on 30 % H2·

Ihe formation of circulating generalised sUbcutaneous bubbles (Doppler , 2+)

in diver A2 _ although quite quickly curbed by recorrpression of 2 bars -

constitutes one experijrE!ntal result which should be taken into account for the

future of industrial diving with hydrogenated mixtures. It is jjnFortant to

ascertain whether swItching breathing mixtures (charrbers on heliox, diving

tell and divers on hydrox, for instance) is not something to be avoided in

underwater wrjrjc.
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As for team a, the three divers would have been glad tcj remain on hydrox, they

felt so good at 450 m - "like heliox at 200 or 250 ireters". . ..

3 - KEUFdjPHYSIOUjGY AND PSYCHOIXJGY

Exposure to a hydrox mixture of 54 j H2 did not serve to prevent electro-

enceEihalographic mdifications, noted regularly by J.C. Rostain at 450 m -

both on heliox and nitmgen 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 dyssannia was not due to the constrained and

crarrpxi environment and thermal discomfort '?

Ch 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 iujst constant

manifestation. Trernor reappeared in the divers of team A when they went back

to pure heliox.

Performance on the psychometric tests was erratic, certainly irifluenoed, 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 tempjrary learning block

during the period following atrivai on the bottom (R. Bugat) .' Nevertheless,

the results of tests used previously in ENIEX 5, 8 and 9 for the same compres-

sion profile shciw a definite advantage of ternary hydrr»c over nitrogen trimix.

Finally, the Visual Choice Reaction Time with 4 choices did not undergj 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 tiredess 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. fib which wc: should add that this stress,

psychic rather somatic, is not the rmjst pronounced form of stress encountered

in occupational nedicirie.

4 - RESPIRAIIDRY AND CARDIOVASCULAR PHYSIOUJGY

'Ihree 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 PH2 to avoid overestinating performance pos-

sibilities .

In the wet, on the other hand, although ccniparative respiratory ineasurernents

were not possible G. Imbert found higher mtivation among the three team B

divers for exercises in imersion, in ergonomic conditions better suited to

their capacities. Hence a satisfactory level of effort obtained on the cyclo-

rower for periods of 25 to 31 minutes, with respiratory comfort and a venti-
lation of 30 l.min"l on hydrogen mix. 'Ihe respiratory equivalent stayed re-

latively high, without aj2 retention, for moderately energetic activity

approximating that of working conditions.

From a cardiovascular point of view the experimmtal conditions did rxjt 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 menibers 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 mt test at the

divers' full -effbrt capacity.

5 - tiFIE DBCOMPRESSIONS

After their stay on heliox, team a decompressed with the same mixture at

variable pio2 and at constant speed up to 15 m, following a well established

pmcedure .

The first venous bubbles were detected very early, at 425 m for diver A2 "

the one who had had trouble with the switch from hydmx to heliox at the txjt-

tom - but also for diver Ay the one who had had the least trouble with this

switch. None of this decompression was a surprise to us, not even the slight

bends felt by Aj and A3 at 1.3 m from surface. These little terminal "hitches"

are not excluded in heliox decompressions, not even ours, which has proven

to be perfectly well tolerated in numerous experiirental saturations carried

out by COMEX and GISMER. As we all know, a decompression which is perfect

for 100 % of all divers dces not exist. ..
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Deconpression of team El was carried out on hydrogen mix with decreasing pro-

portions of hydrogen up to 200 m. Slow dehydrrogenation was expected to prevent

the problems of counterdiffusion encountered by team A (at 46 ATM) . 'The fall

in pressure, obtained by gradual elimination of hydrogen, started at
0 .86 m.h"j under Doppler control.

Observing an absence of bubbles at 350 m we increased the rate of ascent to I
and then to 1.09 m.t,"1 with a PiO2 of 0.6 then 0.5 bar. Not until 280 m did

a low bubble count appear in two oft the three divers.

One must not forget that this was a "premiCre" and that we disposed of only

two eleirents to establish our decompression profile :

- the solubility of hydrogen in fat (2 1/2 tims that of helium)

- the deconipressions of shallow bounce dives carried out by Edel and Fife,

demrrpressions which turned out to be very tricky and responsible for ostecj-

articular accidents.

Hence our wariness. But in fact this decompression, probably too slow at the

beginning, was conclusive and certainly jjj 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 : L rn.F,"1 or slightly mcjre) .

6 - IIHE EVOLUTION OF BIOUXACAL PARAMETERS

It is notemrthy - and feassuring - that following a critical situation re-

sulting from the switch H2"Hef experienced by team A, and after final deconr-

pression of team B on hydrox up to 200 m, the variations in the nurrber of

blood leucocytes and platelets were not significant of bubble patholcqy. This

tends to demnstrate the fact that in this respct hydrox is at least as well

tolerated as heliQx, and better than air. '

The variations in blood and urine chemical elements, always reversible, do

not Show any serious rretabolic disturbanoes.

Only tenporary hypophyseal thyroid anomalies as well as an increase in serim

ferritin, could be linked to a hepatic disturbance as described by G.R. Doran

et al. in divers having undergone experimmtal saturation at great depths on

heliox, such as the 540 m arid 660 m AMTE dives.

At all events mlecular hydmgen does not seem to induce any specific biolo-

gical disorders, nor any irreversible qtotoxicity.
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7 - PULK)NARY AND SCINTISCANNER EXAMINATION

The comµirat1ne 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 hydmgen and helium were remarkably well tolerated by both

teams - even if a xe 133 scan did reveal a decrease in perfusion at the apex.

Bone scanning permitted us to discover one case of tibial hyperflxation (diver

B3) v and for the five others a diffuse and synmtrical increase in isotope

fixation. Here again experience shows us that such scintigrams the cause of

which has yet to be demnstrated (decorrpression, or bio-mChanical effects due

to the constraint of confinement, as suggested by A. Elizagaray) , are sq com-

mnplace and so unstable that any notion of a pathological process can be ruled

out.

It is to be hoµd that this brief surmary, a rrere glimpse into an extensive,

mlti-Usciplinary study, will inspire a careful perusal of each individual

chapter.
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The intraiuction 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 nrjre than a few hours.

HYDRA IV left a nurrber of imµ)rtant questions, however, which we hoped to

solve by Qµzration HYDRA V :

I) Is it possible to adapt a conventional hyperbaric unit to the use of

large vrjiumes of hydrogen ?

Definitely. KYDRA V has proved that heavy saturation diving equipirent,

originally designed for helium could be adapted to hydrogen and still satis-

fy safety requirements. Only some of the peripheral sub-units ne«i mdifica-

tion, and thus can be achieved without prohibitive expense.

2) Would exposure for long Fericds 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 equilibriim between the surrounding pressure and

hydrogen's narcotic effect that would allow us to maintain at 450 m or more

a suitable prqprtion of this gas in the mixture ? That is to say, a percen-

tage high enough to neutralize HPNS and to assure a gain in pu1nonray 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 mre than 50 % hydrogen at 450 m to pure heliox ?

The answer - no - is an invaluable warning : the phenoinmon of iscbaric
.

supersaturation and the rebound of HPNS prohibit diving with the two mixtures

(living chamber on heliox and bell on hydrox) , a complicated procedure in

any case and one whose ecjoncxnic advantages are not certain.

5) 'Iherefore : "all-hydrox", including decompression ?

On this laSt point hydmgen 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 h:Lrrself who is the best judge, we would like to

reiterate a corrment made by one of the mcjst 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 Ehysiological data gathered

open the way to a pre--industrialisation of diving with hydrogenated mixtures

at the operating depths of tanorrow.
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