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ABSTRACT

Five enlisted navy divers, age 21-34 yrs., were exposed for 12 hours in a recompression
chamber to increasingly greater pressures until they contracted decompression sickness.
The pressure in all cases was reduced at a rate of 25 ft, (11,12 lbs) per minute. The ex-
posures were performed first while breathing compressed air and then later 80% helium -
207 oxygen. Greater exposures were tolerated with the Hg0O2 mixtures than with air. The
differences amcunted to pressures equivalent to 3, 4, 6, 10, and 14 ft. of sea water.
(1 ft. = 0.445 p.s.i.) Data on helium elimination disclosed that a large fraction (over
50%) of the dissolved helium is contained in a tissue component which desaturates very
rapidly (half-time 1.5-5 min.) The existence of a slow component (half-time 95-115 min.)
appears likelys The use of helium-oxygen mixtures in mixed gas scuba and the utilization
of a single mathematical expression to compute decompressinn stops are considered feasible.

-ii-
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SUMMARY
PROBLEM
To analyze previously unpublished data from experiments in which men were exposed for

12 hours at pressures equivalent to 34 to 52 feet while breathing compressed air and
helium-oxygen mixtures.

FINDINGS

The use of helium-oxygen in diving subjects the diver to no greater, and perhaps less
of a decompression sickness hazard than diving with compressed air. The distribution of
helium among the body tissues is such that it is feasible to compute decompression pro=
cedures for scuba diving by considering only a single tissue sample.

RECOMMENDAT IONS

(a) The use of helium-oxygen mistures for mixed gas scuba diving is considered feasible.

(b) That further experiments be undertaken to determine the proper decompression pro-
cedures for helium-oxygen mixed gas scuba diving.

-iii-
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ADMINISTRATIVE INFORMATION
This is the first report submitted under this sub-task which 1s entitled "USE OF
HELIUM-CXYGEN IN MIXED GAS SCUBA. It contains a description and analysis of previously
unpublished data collected at the Naval Medical Research Institute during 1947-48.

The estimated man-power requirements are as follows:

DESCRIPTICN . MANHOURS
Bibliographic research . 40
Data reduction and analysis 160
Writing report . ) 20
Drafting AN , 8
Publication ; 20
TOTAL 248

Most of the work described in this report was actually completed before the project
outline was submitted. The original intent was to submit a single report covering both
this work and more recent studies of helium decompression. However, it was later considered
more convenient to prepare two reports of which this is the first.
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1. INTRODUCTION

l.1 Object

1.1.1For reasons which will be elucidated in a subsequent report it appeared desirable to
explore the feasibility of utilizing helium-oxygen mixtures as the breathing media in mixed
gas scuba. Before undertaking such a study it was considered essential to obtain such
further information as was available on the subject of helium decompression. One source of
such information was data collected by the authors about ten years ago. This data had not
bzen analyzed or published previously because there appeared little operational interest

in or necessity for revising the standard helium-oxygen decompression tables. The idea of
using helium~oxygen mixtures in scuba had previously been considered but discarded because
it was believed there existed an unacceptable hazard of decompression sickness with this
breathing media. The data described in this report did not support this belief.

1.2 Scope

1.2.1 Two groups of data were analyzed, first that collected by the authors, and-later
this data was compared with helium elimination data discovered in the files of the Unit.
This latter data was undated but it is believed to have been collected by Behnke and Will-
man in the 1930's. These authors have published a number of papers on this subject, one of
vhich is cited later in the report. In order to make this report more intelligible to the
average reader an attempt has been made to cover all of the essential features in the
narrative portion of the report. Mathematical formulations are contained in an appendix.
Each equation is numbered and will be referred to in the report as_(e—l, e-2, etc.). This
system also circumvents the difficulty usually encountered in reproducing mathematical
symbolse.

2. DESCRIPTION

2.1 Naval Medical Research Institute (NMMRI) data

2.1.1 This study was undertaken to determine whether decompression sickness was more .
likely to occur following a saturation exposure while breathing air or while breathing an
804 helium 20% oxygen mixture. Data on helium elimination was also collected with a view
to determining approximately hcw long it would take a man to rid himself of the helium
following 'a .saturation exposurs. The type of analysis described in this report was not
envisaged at thz time the experiments were performed.

- 2.1.2 Five-subjects articipéted in these expefiments.i They were all navy divers 21-34

years of age (Takble 1). Prior to each exposure the men were carefully examined to rule out
the possibility that a disease condition might influence the results. The men were also’
w2ighed carefully before each experiment. - Little variation in body weight was found

during the study. The subjects were exposed to only one experiment each week.

2.1.3 The exposures were carried out in a navy standard reccmpression chamber. The °
pressure inside the chamber was indicated on a special mercury manometer which was
calibrated in feet of 'sea water (assuming a specific gravity of 1.025). Decompression was
at a rate of 25 ft./min.-

2.1.4 During the compressed air studies the men were exposed in pairs. The experiments
were conducted at night and the subjects slept during the 12 hour period in the chamber.
Zach man was first exposed at a pressure equivalent to 34 feet and then later to pro-
grassively greater pressures until upcn subsequent decompression he developed symptems of
decompression sickness requiring reccmpression. The exposure pressures were increased in
two foot steps, i.e. 34, .36, 38. ; =

Fd
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2.1.5 During the helium-oxygen expcsures the subjects breathed the mixture through a de-
mand valve utilizing an A-14 oxygen zask. The helium concentrations in the breathing
mixtures varied from 79.1% to 80%. The mzjority of the mixtures were exactly 80¥. This
was possible due to the availability of 2 special gas mixing plant. The two gases were
admitted to a large splrometer and then zixecd by a fan. Samples were taken and anlyzed.

f necessary the concentrations werz zdjusted. Vhen the desired mixture was obtained the
mixed gas was compressed into cylindsrs. Due to the large demand for helium-oxygsn only
one man was exposed at a time. Thes2 experiments were also carried out at night but due
to the discomfcrt and restrictions Izcossd by the mask and hose the subjects were quite
uncomfortable and slapt fitfully. Sizce z11 ¢f the men had contracted deccmpressicn
sickness at depths of 34 to 38 feet cuzing the compressed air series, it was decided to
first expose them all to 36 feet on Zsliim-oxygen. These exposures were also increased
in two foot steps.

2.1.6 Samples of expired gas were coilacted during various periods following the exposures
te helium-oxygen, and analyzed to cdetermine their helium content. This was accemplished
by having the subject rebreathe oxygen frem a clecsed circuit apparatus. This apparatus
consisted of a large spirometer, a baralyme canister to remove carbon dioxide and the
necessary tubing and check valves. At the end of the time period being studied the volume
of gas in the spircmeter was measured and the hslium content of the gas determined by
means of a Cady apparatus. This methed of analysis utilizes the low freezing point of
helivm. All other gases are removed ky freezing them in an activated carbon trap which

is immersed in liquid air. - The remaining gas (helium) is measured. All volumes were
corrected to standard conditions of temperature and pressure. The complete data on one
sutject (5.U.G.) is presented in tabls Z. '

2.2 Ezperimentai Diﬁing Unit (EDU) é=%a

2.2.1 This data was included in this study for several reasons. It is from this data
that the first and most-widely accept=sc helium elimination curve was constructed. It
appeared desirable to ccmpare the results of subjecting this classical data to the same
treafment as our data. These experizents were conducted for the sole purpase of con-
structing the helium eliminaticn curve mhile ours were not. All of the available data
was not included in this study. The cdata from five experiments was selected because it
was the most complete and consistent.

2.2.2 These subjects breathed 73-7£% helimm mixtures in an open circuit at atmospheric
pressure for 3% hours. . Following this, the amount of helium in the expired air was de-
terminsd during alternate 30 minute psriocds. The method employed was essentially the same
as that cescribed in 2.1.6 The nexi cay the experiment was repeated and the periods were
studiec which had been missed.on ths previous day. This was true of all subjects except
on2 (B.E.H.), in this case the data wes collected continuously over a period of six hours.
This data is presented in table 3. In these experiments the values for the first three
minutes were computed from an.average third minute value of 21 cc. Average values for the
fourth to the sixth minute were applied to all of the subjects.

3. PROCEDURE
3.1 NMRI data

3.1.1 The first problem encountered in analyzing this data was to find some means of -
pooling the data from all subjects. OUms essential piece of information was missing,
namely what was the total amount of helium centained in the subjects' bodies at the end

of the exposures. Finally it was fcund possible to approximate this value by computation.
Behnke and Willmon (1) state that the body is capable of absorbing 3.6 cc (plus or minus
0.6 cc.) of helium per pound per atmesghere. .Since we knew the welght ,of the subjects and
the partial pressure of the helium to mhich they were exposed it was pdssible to compute
the amcunt of helium the subjects contained at the end of the exposure. (See e-1).

2L,
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3.1.2 Two further steps were necessary to reduce the data to useable form. 1In order to
utilize the method of analysis interded, the helium elimination must be expressed as a rate.
First the numkter of cc of helium recovered in each period was divided by the number of
minutes in the period. This then gives us the mean rate of helium eliminatien 'during that
period in cc/min. (See e-2) If we now take this value and determine what part of the total
amount of helium originally present it is, we then have a usesble fiqure which is the
fraction of the computed total helium content eliminated per minute during a given period
of time. (See e-3) The end result of all these manipulations can be seen in table 2.

3.1.3 These values were then plotted on semi-logarithmic paper. The logarithm of the
fraction of the computed total helium centent eliminated per minute being plotted versus
time. The mid-point of the period (time during which the sample was collected) was assumed
to be the time when the mean.rate of elimination took place. For example, if during the
period 30 to 60 minutes after exposure 38.9 cc of helium were recovered, the mean rate then
is 1.3 cc per min. and it is assumed that the subject was actually eliminating helium at this
rate 45 minutes after the exppsure, It is recognized that this is not entirely correct

but is believed to be a reasonable assumption under the circumstances.. Mext, as smooth as
possible a curve was drawn between the plotted points. The origin and slope of the number
of component curves necessary to obtain a fit of the data were determine by drawing tangents
to the plotted curve. This method is described by Hardin Jonmes (2) and is based on the
mathematical principle i.e.; that when a point is moving on a curved path of any kind so
that its direction is continually changing, then the direction at any instant is that of
the tangent to the path. This is what is occurring in this situation. The body eliminates
helium at a progressively slower rate with the passage of time after the exposure. There-
fore the slope (direction) of the curve is continually changing. If the data justified it,
and one wanted to obtain a very precise equation, this could be accomplished by drawing a
large number of tangants to the curve. In this instance however the aim is to find the
minimun number of component curves the sums of which will be equal to the experimentally
determined curve. Each of these ccmponent curves is an exponential one. Therefore the
rate at which each hypothetical component is eliminating helium at any given time can be
deternmined by using the equation for the exponential curve (e-4). The sums of the rates

of all of these ccmponent curves is equal to the cverall rate of elimination at any given
time (e-5). The results of this type of manipulation can be seen in figure l. It will be
noted that a fit of the data was obtainsd oy employing four different curves each with a
different slope. This will be discussed further in results.

3.2 EDY data

3.2.1 Except that in this case the total amount of helium eliminated by each subject was
known, this data was treated essentially the same as the MMRI data.. Here it was possible
to determine and plot the fraction of the total helium content eliminated per minute during
each collection period. The number and slope of the component curves necessary to obtain

a fit of the data was determined by the same method as described in para. 3.1.3.

4. RESULTS

4.1 Telerance to increased oressures

4.1.1 Each of the five subjects tolerated a greater pressure without symptoms of decom-

. pression sickness while breathing helium-oxygen than when breathing compressed air. When
exposed for 12 hours during the compressed air series, the subjects contracted decompression
sickness after-the following exposures: 34 ft., 36 ft. (2 subjects) and 38 ft. (2 subjects).
The picture-was quite different during the helium-oxygen series. The first case of decom-
pression sickness did not occur until after the 38 foot exposure. The next sukbject became
ill following an exposure at 42 feet. The two most resistant subjects did not contract
deccmpression sickness until they were exposed at depths of 46 and 52 feet. One man (M.O.R.)

-
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who contracted decompression'sickness'following the 38 foot exposure on air completed a
40 foot exposure on helium-oxygen without event. He, however, was transferred before
completing the entire series of experiments. This data is tabulated in table 1.

4.2 NWRI helium elimination data

4.2.1 1In order to obtain an equation which fits this data it was necessary to employ four
terms. (see fig. 1) These four expcnential curves have constants of 0.5, 0.135, 0.025,
and 0.0073. The complete equation which predicts the rate of helium elimination at any
given time is in figure l. Jones (2) states that in this case the zonstant k is the

tissue nerfusicn factor. Therefore by dividing the constant into the rate at zero time

one can determine the value of the unexchanged fraction cf each component at-that (Zzero)
time. {Sse e-7) If ome does this, the abeve data takes on more meaning. However, before
doing this let us make another point. There is also a relationship between the time
constant and the half-time. If cne knows ‘the time constant the'half-time can be determined
by dividing this value into the natural logarithm of 2 (0.693). If these two manipulations
are performed we find that 50X of the helium is contained in a component that half-saturates
in about 1.4 minutes. Also that about one-third of the helium is contained in a body
component which half-saturates in five minutes. The remaining helium is about equally
divided Letween two further components which half saturate in about 28 and 95 minutes
respectively (e-8).

4.3 ELU helium elimination data

4.3.1 In analyzing this data it was found that a fit of the data rould be obtained by
employing an equation with only three terms (e-6). The constants of the three component
curves ares 0.3, 0,02, and 0.006. Employing the same manipulations described in 4.2.1 it
is found that zbout 28% of the helium is contained in a component which half saturates in
about 2.3 minutes, 487 of the helium is contained in a component which half saturates in
about 3% minutes and 25% of the helium is contained in a component which half-saturates in
about 115 minutes.

4.4 Additienal information

4.4.1 Jones (3) has stulied the whole-body exchange of inert gases measured for two inert
gases during the same experimental time. . In these experiments the subject was first
denitrogenated by breathing oxygen, then breathed helium for several hours and then again
breathed oxygen, during which time exchange of the helium was studied. These experiments
disclosed the fellowing time constants: 0.50, 0.094, 0.022, 0.CO If these are now
expressed in half-timzs we find that they are (e-10) 1.4 min., 7.4 min., 31.5 min., and

in excess of 70 min. ﬁll cf thls data is compared in table 4.

. 5. 'DISCUSSION

5.1 Doccmores=10n sickness data

5.1.1 A flrst glance at thls data (table 1) leads one to make two general observations.

+ appears that subjects breathing heslium-oxygen mixtures' are less likely to contract
decompra2ssion sickness than when breathing ccmpressed air during equally hazardous
exposures. There is also considerably more ,variability' when breathing helium-oxygen. °
During the compressed air series of exposures all of the subjects contracted decompression
sickness at pressures equivalent to 34 to 38 feet; 'a spread of four feet. On the other
hand, in the helium-oxygen series symptoms were produced at exposures from 38 to 52 feet,

a spread of 14 feet. e - -
rd

5.1.2 With the limited number of subjects in this study aég the graét'variability sweeping
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generalizalions are hezardous. With this degree of variability among five subjects one
could logically expect even more variance among a larger group. It is unlikely that all
possible extremes could have been encountered in the limited number of experiments with
this =mall sample. Therefore any isolsted observation might lead one to conclude that
helium-oxygen mixtures were more or less hazardous than ccmpressed air. The correct
assumption probably is, there is no difference. Jones (3) reports, "Regardless of the

gas used, the similarity of the time constant is apparent. Thus to no discernable extent
are the values fixed by diffusion rate or by factors of permiability. Additional evidence
that the gas-exchange-rate constants are determined by the blood-tissue-perfusion rates is
that the summated circulation to the body tissues calculated from the gas-exchange rates
closely approximates cardiac nutput, and the reyional perfusion rates so calculated from
the gas exchange are uniformly in agreemant with other existing measurements." 1t is easy

* to see -why earlier investigators, on the basis of uncontrolled observations, concluded that

there was a greater hazard of decompression sickness with helium-oxygen than with compressed
air. On the other hand it is equally easy to see, that in light of our more recent know-
ledge, this conclusion is illogical.

5.2 Helium elimination data

5.2.1 There is not much agreement between the two sets of data presented. The time con-
stants obtained from the NMRI data however are more nearly in agreement with Jones (3) than
the EDU data (table 4). A helium elimination curve constructed from the NMRI equation (e-8)
bears a close resemblance to Behnke and Willmon's helium elimination curve with exercise.

5.2.2 There are a number of reasons which coulc explain the difference in results of
analyzing these two sets of data. There is obvious difference in length of time and the
pressure of the exposures. The EDU data was collected in a more systematic manner and
hence is probably more accurate. There is however one outstanding weakness in both sets
of data. The EDU gréup estimated the helium elimination for the first six minvtes. Their
estimates were based on sound observations (1) but were, nevertheless, estimates and hence
sources of error. We alsc were forced to make approximations for the helium elimination
during the first few moments. A number of attempts were made to determine how much helium
was eliminated during the ascent and immediately following the ascent. These all ended in
failure and the data obtained is considered so unreliable that it was not included in this
study. We fear that our approximations are less well founded than the EDU group. The rate
of elimination curve was simply extended up to unity on an empirical basis (fig. 1). 1In
other words we sald, "This is what must have happened during. the early part of the
elimination to account for what vie cbserved later.” .

5.2.2 The magnitude of the varicus components is alsc open to some question. All investi-
gatnrs are.not agreed that the time constant is really the tissue parfusion rate. Most
ne'able of those taking issue with this view is Kety (4). He states ". . . direct and
conclusive proof is still to be obtained that the empirical constants (k) of Jones are in
fact simply tissue perfusion rates. . . . ncne of the A's and k's of an expression like
that of Jones is in general defined exclusivaly by the parameters of a single tissue or
group of tissues.s It is probable, however, that Jones, by a comhination of relatively

" insonluble gases ‘and an initial periocd of hypervnntilatlo', succeeded in achieving arterial

concantrations of the inert gases which were practically constant over most of the
axperimental period. Under such special circumstances the general equation could be
approximated by one in which each of the j terms could be referrzd to a single tissue or
group of tissues." There are two faciors however which lead us to conclude that we can
assume that k is the tissue perfusion rzte and that equation 8 is valid. Helium is not
readily-soluble in the body tissues. Since the gas was breathed under pressure for 12
hours, -the arterial concentration-must have arisen to the maximum value within a minute
fraction of the "total exposure time, and remained so.
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;o3 Limitations

5.3.1 There is one great limitation inherent in all of these thsoretical studies when one
prosumes to 2pply them to a practical situation. Biological systems are not very precise.
A single measurement in a single individual at one time may be quite precise. However,

we can expect both intra and inter individual variability as we test and retest. The fact
that one can devise z mathematical formulation'which fits a grcup of data, while it makes
it more logical, does not make the data or conclusions derived therafrom correct. It must
ba remenbered that the formulations in this report are applicable within a certain range
and with a certain amount of error to the subjects participating in the expariment and
under the conditions it was performsd. The equations cannot be considered applicable to
all men under all circumstances. However, it is an intriguing pastime and one is at times
hard put to resist the temptation to subject the data to all of the manipulations orie can
master. MNevertheless there are certain useful general conclusiecns which can be drawn.

6. CONCLUSICHNS

1 Conclusions

6.
6.1.1 Tne use of helium—oxygen in diving subjects the diver to no greater and perhaps

less ot decomp:easion sickness hazard than diving with compressed air.

6.1.2 1In hellun~o:ygen diving a large fraction of the helium dissolved in the body is most ;
likely contained in groups of tissues which saturate and desaturate very rapidly, a half

time of 1.5 to'5 mirutes.. These tissues probably limit the rate of ascent. .

6.1.3 Fallowlng a prolonged exposure to helium-oxygen a emnll quantity of the helium is
contained in tissue groups which saturate and desaLurate very slowly, a half time of 95 to
115 minutes. .

- 6.1.4 The remaining helium is contained in tissue groups which half saturate in about 20
minutes. :

6.1.5 If th2 most rapidly deszturating tissues are disposed of during the ascent, they
nead not be taken into account in formulating any further decompression. The duration of
scuba dives 2t great depths is of such a time that the slowest saturating components might
not be significantly affected... It is therefore feaslble to compute uecnmpressicn pro-
cacdures for scuba diving by consldnrlng only a single tissue sample. i
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TABLE I
MAXINUM DEPTH OF 12 HR. ES7POSURES TOLERATED WITHOUT SYMPTOMS OF DE-
CONMPRESSICN SICKNESS, WHILZ BREATHING AIR AS COMPARED TO HELIUM-
OXYGEN MIXTURE. ASCENT (DZCCMPRESSION) WAS AT A RATE OF 25 FT./MIN.
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