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ABSTRACT

This report presents the thecretical basis for calculation of decompression
schedules for nitrogen-oxygen and helium-oxygei: mixtures used in diving.

It includes definitions, theory of exponential saturation and desaturation,
and theory of limiting values of excess saturation permitted at various
ambient pressures with helium and nitrogen., An attempt has been made to
simplity the presentation of the calculation procedure tc implement the
thecretical method. The necessary tables and worksheets used in calculations
axe presented, together with sample calculations of dive schedules. The
discussion describes and appraises other methods of calculation developed in
recent years.



SUMMARY
PROBLEM
(1) Revise the Haldane method for the calculation of air decompression

tables to a general case to be used for calculation of schedules for
various nitrogen-oxygen and helium-oxygen mixture dives.

(2) Present developments in decompression theory subsequent to the Dwyer
report (Experimental Diving Unit Research Report 4-36) which have a
bearing on the calculation procedure.

EINDINGS

(1) This report presents a general case for calculation of decomp-ession
schedules for dives in which nitrogen-oxygen and helium-oxyjen mixtures
are byeatheu. N

(2) The present status of decompression celculation procedures is discussed
to include definitions and basic theories.

RECOMMENDATIONS

(1) Use this report for instruction in calculation procedures of decompression
schedules.

(2) Revise the report or supercede it as a text when this is required.



FOREWORD

The procedure for calculation of decompression schedules given in this
report is not new, It is based primarily on a method developed by
Boycott, Damant and Haldane in 1908, further delineated by Yarbrough

in 1937 and presented in a detajiled report by Dwyer in 1956 as U. S.
Navy Experimental Diving Unit Research Report 4-56 entitled "Calculaticn

of Air Decompression Tables®. The latter report presented & step-by-
step procedure to be used in computer programing, and to serve also as

a text for instruction of students, as amplified by exposition of the
basic theories., With further development of limits of maximum tissue

pressures at the various decompression stops, the standard air decompres-
sion tables, exceptional exposure tables and repetitive dive tables were
calculated by this method. More recently, helium-oxygen decompression

tables for mixed-gas SCUBA have ¢1s0 been develcped by tnis method,

employing control values for helium which differ from those for air.
ince decompression calculationis must be used for dive schedules

employing helium-oxygen, and nitrogen-oxygen mixtures other than

air, it was considered important to present the modifications to

the basic method required, as well as the control valueés limiting

the tissue tensions of the varisus gases at the decompression stops.

Aspects of decompression theory which have developed subsequent to

the Dwyer report are discussed, as are other calculation procedures
basec on a diffusion-limited gas exchange model.

This is an interim report. Future reports will cover test dive
results of schedules developed by this basic method.
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1. OBJECT

1.1 Objeciives

(1) To detail the development of decompression calculation theory
to include the method of Haldane and subsequently developed whole body
gas exchange methods.

(2) To describe the modifications to the Haldare method used by
the U. S. Navy and present the basis for these chang:s.

(3) To update the method presented by Dwyer by demonstrating the
general case for decompression calculation rather than for air alone,

(4) To provide some téxtual material for use by student submarine
medical officers.

1.2 Scope

1.2.1 This report considers several of the approaches to decompression
calculations alternate to the "Haldane method® which have received
attention in recent years,

1.2.2 The theoretical justification to the present form of the “Haldane
method" as modified for use in the U. S. Navy is presented together with
the control limits used for calculation of nitrogen-oxygen and helium-
oxygen dives,

1.2.3 An attempt has been made to demonstrate the calculation procedure
in step-wide fashion to implement the theory of exponential gas exchange.

2, DESCRIPTION

2.1 Development of the Haldane method

2.1.1 The first systematic study of decompression requirements following
exposure of animals and man to increased smbient pressure of air was
reported by Boycott, Damant and Haldane in 1908. As a result of numerous
pressure exposures of small animals and goats, a rational hasis for
calculation of decompression schedules was derived. The basic tenets of
their procedure, which has become known as the "Haldane method®, relate

to (1) the estimation of the percent of complete caturation or desaturation
of the body tissues with nitrogen during sany pressure exposure time-course,
and (2) the amount of excess nitrogen pressure in the tissues related to
hydrostatic pressure which is permissible without symptoms of decompression
sickness resulting during or following the reduction of pressure to one
atmosphere.,



2.1.2 The procasses of saturation and desaturation were considered in

the following manner. The blood passing through the lungs of a man
breathing compressed air becomes instantly saturated to the full extent
with nitrogen at the existing partial pressure in the air. When this

blood reaches the systemic capillaxies, most of the excess nitrogen will
diffuse out into the body tissues, and the blood return to the lungs for

& fresh charge. This procciss is repeated until the tissues are equilibrated
with nitrogen at the same partial pressure as in the air breathed. But the
blood supply to different parts of the body varies greatly as does the
capacity for dissolving nitrogen. It can be seen that the time taken for
different parts of the body to become saturated with nitrogen will vary
greatly.

2.1.3 Boycott, Damant and Haldane estimated that the whole body of a man
weighing 70 kg. will take up about 1 liter of nitrogen for each atmosphere
of excess air pressure, about 70% more nitrogen than an equal amount of
blood would take up. With the weight of blood in man equal to 6.2% of the
body weight, the amount of nitrogen held in soiution in the completely
saturated tissues would be about 170/6.5, or 26 times as great as the amount
held in the blood alone., If the composition of the body were the same in
all parts, and the blood distributed itself evenly to all tissues, the body
would receive at one complete round of the blood af*er sudden exposure to
increased pressure of air one twenty-sixth of the nitrogen corresponding

to complete saturation. Each successive round would add one twenty-sixth
of the remaining excess of nitrogen. Thus, it is seen that the body would
be half-saturated in less than twenty rounds of circulation, or about ten
minutes, and that complete saturation would be practically complete in an
hour. The progress of saturation would follow an expvnential curve, but

it was considered a mistake that this rate of saturation and desaturation
could be applied to the body as a whole. Actually the rate of saturation
would vary widely in different parts of the body, but for sny particular
part the rate of saturation would follow a curve of this form, assuming
that the circulation rate remained constant,

2,1.4 A variable rate of saturation and desaturation was considered to
exist for different parts of the body, relating to the different perfusian
rates of tissues with blood. This variable time-course of nitrogen uptake
for various parts of the body was simulated by use of a family of ditcrete
hypothetical half-time tissues (5, 10, 20, 40 and 75 minutes) to represent
the physiologic processes of gas exchange in the whole body.

2.1.% In their work with goats, the differences in respiratory exchange
rate and cardiac output from man were considered. These were r=lated to
man as being two-thirds greater for the goat per kilo of body weight by
direct measurement. Thus, a time of 3 hours was thought to be required
for complete saturation for goats, while 5 hours was considered required
for man, The 75 minutes of half-time would represent 7.5 hours time to
98.5 percent saturation. Therefore, it appears that an attempt was made
+toward conservatism or in considering that more timse might be required
for equilibration with nitrogen in some subjects.



Toward defining this, time of exposure to increased pressure was varied
in aniral experimenis, the exposure pressure and decompression time
remaining constant. It is not evident from the data reported that
equilibretion time was defined for man, as most exposures were not
sufficiently long. This defect became appazent in the inadequacy of
scaedules for longer aivesderived by this method until half-times of
120 to 240 minutes were used.

2.1.6 Perhaps more important than the estimation of uptake and eliminaticn
of nitrogen is the concept of stage decomsression which developed frum
their studies. This makes the fullest use of the permissible difference
in pressure between that of the tissue and blood nitrogen to hasten the
eslimination of nitrogen from the tissues. The limi% applied to reduction
of hydrostatic pressuze was to never a]  the computed nitrogen pressure
in the tissues to be more than twice the ambient pressure. This 2 to 1
ratio actually assumed ecuilibration to the ambient pressure of the maximum
depth, rather than to the nitrogen partial pressure, The absolute pressure
of the maximum depth was toen halved to determine the first decompression.
stop. A special case was assumed for air, for with its 79 percent nitrogen
content, the actual ratio of nitrogen pressure upcn equilibration to
ambient pressure would be

2.X 0,79 = 1,28 in place of 2

1 1 1

2.1.7 It is true that this ignores the preserce of oxygen in the breathing
mixture as a factor in bubble formation. Extensive diving with niirogen
and helium rixtures enziched with oxygen in excess of 21 percent confirms
the absence of significant effect of oxygen as part of the total presure
in decompression. It appears that if sufficient time is permitted for
excess oxygen in tissues to be utilized during reduction of pressure,
decompression sickness due to this factor is unlikely to occur.

2.1.8 The importance of the initial ascent to initiate the maximum safe
gradient for inexrt gas elimination cannot be overemphasized. Prior to
recognition of this concept, ascent to the surface was carried ~ut at a
constant rate which unnecessarily exposed the diver to pressure, resulting
in further inert gas uptake in ti isues which had not completely equilibrated.
This increased the magnitude of ¢ ‘compression time required over that
actually needed if the diver had -chieved the initial decreass in depth
compatible with safety. Only the special case of complete total body
equilibration requires a continuous ascent at a constant rate to pemmit
the use of a maximum safe gradient for inert gas elimination from the
slowest half-time tissue controlling. Even this can follow an initial
more rapid reduction of pressure of the order of one atmosphere.



2.1.9 Studies of permissible decrease in pressure consiaered the two
cases of (1) reduction by some so35lut. value and {2) of that relative

to ambient pressure, Haldane noted that goats decompressed from exposure
at 6 atmospheres absoiute to 2.& atm had no symptoms. This is a 2,3 to }
ratio of ambvient pressure, with ar zbsclute pressure change of 3.4
atmospheres, Goats were then similarly exnosed at 4.4 atmospheres absolute
pressure before being decompressed to 1 stmosphere. With the same 3.4
atmospheres absolute pressure change only 20 percent of the animals escaped
symptoms.

2.1.10 Decompression schedules for man based on the 2 to 1 ratio concept
have not proven to be safe for longer and deeper exposures, Haldane
himself recognized this in his book "Rcspiration™ bv stating that for

air dives exceeding 6 atmospheres absolute, some reduction of this ratio
was required,

2.2 Further studjes to define decompression limits

2.2.1 Studies by Hawkins, Shilling and Hansen and others by VanDerAue
demonstrated thats

(1) the faster half-time tissues sometimes control deep stops even
with high tissue ratios.

(2) tissue ratios must be reduced considerably for all components
in longer and deeper dives,

(3) the surfacing ratios could be increased to the following values:

half-time (min) tissue ratio M(ft,) Mactual (ft.)
e} 3.8:1 125 99
10 3.4:11 112 88
20 2.831 92 73
40 2.27x} ™ 59
7% 2.0611 68 54
12¢ 2.0021 66 52

The above values were used with siight modification to develop the
present Standard Air Decompression Tables.



2.2.2 Ratios used at depth were projected from the surfacing values by
using a tenth-power relationship between the tissue ratio at surface and
at depth of decompression stop to fit existing data.

- Is,\ 10 _
M=33 [(3)7 +rd-1]

M = maximum final tissue pressure in feet of sea water
rs = surfacing ratio
rd = depth ratio at stop

2.2,3 Values for M in which only nitrogen is considered are derived by
muitiplying by 79 percent those developed with air considered as 100
percent nitrogen, or the absolute pressure of the exposure, With the
values for slower hzlf-time tissues required for longer and deeper
exnosures, the allowable surfacing values are:

half time (h) 5 10 20 40 80 120 160 240
M (ft) 104 88 72 56 54 52 51 50
AM/AL0 ft. 418  +16 415 14 413 +12 +11 +11

2.2,4 A linear projection of the M valucs to decompressior stops at depth
is duscribed by a constant additive value listed as AM/AIC £t. This
projection is somewhat m. -~ conservative than values resulting from the
tenth-power relationship described above. Deeper stops arc required by
this method, though reduction of gradient for elimination of nitrogen

f¢ not excessive. Dives calculated with these M values hive been safe
thro:gh a4 wide range of depth and time of exposure. The linear projection
>f M values is useful for computer progrsaing as well.

2.2.5 The question as to why the faster half-time tissies permit greater
nert gas tensions upon surfacirg and at progressively deeper depths than
he slower tissues must be faced. Graphical solution of the time-course
f inert gas tension permitted for the various half-time tiscues upon
wrfacing shows that within 16 minutes all inert gas tenaions «f half-
ime tissues are lesc than, or equal to, the value fur the 120 minutes
alf-time tissue, Thus, the excess saturation time-course is brief for
11 except the slower half-time tissues., The same statement can be made
o1 the inert gas tensions permitted a: the various decompression stops,
s there snould be a time-concentratior course of probability for bubble
c¢rmation, a brief time-course of greater excess saturation may be as safe
s a sustiined time-course oi lesser excess saturation., It is #pparvent
rom Lhis hypothesis that the magnitude of permissible excess saturation
ime-course may vary appreciably between that which is sustained during
ontinuous ascent and that which is periodic with stage decompression,



2,2,6 An important factor of difference ir permissible tissue tension
values for various haif-time tissues may well be the greater molar
concentrutfion of inert gas for some slow tissues vresulting from greater
solubility of ine¥t gas in these tissues, As molar concentration of inert
gas increases in a tissue the probability or hubble formation would increase
upon reduction of hydrostatic pressure as # greater number of gas molecules
are available in excess of that held in solution at saturation. In some
measure the permissible final tissue pressure values for the various half-
time tissues will reflect this variable molar concentration as a time-
concentration course permissible to avoid bubble formation in tissues of
varying solubilitv for inert gas.

2.3 FEurther experiments in gas uptake and elimingtion

2.3.1 Subsequent experiments in uptake and elimination of nitrogen and
other inert gases by Behnke and Shaw have j.elded quantitative data to
validate the gas exchange processes indicated by Boycott, Damant and
Haldane, fFrom data obtained in a serias of studies on dogs and human
subjects they concludeds

(1) that nitrogen absorption is proportional to the partial
pressure of nitrogen in the lungs.

(2) that with the same pressure head, the rate of nitrogen
absorption is equal to the rate of nitrogen elimination,

(3) that the time for complete nitrogen elimin: ion, and
percentage rate of nitrogen elimination for correspondirg periods
of time, are the same irrespective of the quantity of nitrogen absorbed
by the body.

2,3.2 However, the precise end-point of nitrogen elimination could not
be measured with accuracy, with the result that the slowest tissues to

be considered in calculation of decompression schedu'rs appeared to be
those that were 98 * X desaturaied at the end of 6 h: 'rs. This led to
the conclusion that it was unlikely thet compressed air iliness following
long exposure to incressed pressura resulted from an vnderestimation of
the time required for nitrogen elimination., Experimen:al values for the
nitrogen elimination curve gave further support to the multiple tissue
theory of calculation developed by Haldane by demonstiating the variation
in distribution of bicod flow i) relation to the distribution of nitrogen
in the body.

2.4 Factors of difference in exchange of various inert gases

2.4,1 When trying to analyze the mechanism of gas uptake and elimination,
there are at least two factors, assuming respiration and cardiac output

to remain constant, which govern the seturation or desaturation half-time
for non-reactive gasess



(1) capacity of the tissue for storage of gas
(2) effectiveness of gas transport to and from the tissues.,

It is obvicus that if a tissue is continuously perfused by blood, supposing
the gas to be carried away at a certain rate, the time required for
elimination is longer the greater the gas content of the tissue. If
different gases are compared for the same tissue, the storage capacity

is proportional to the solubility coefficients for the gases in the

tissue. At the same time, the period for gas equilibration between

tissue and blood is shorter the better the gas transport.

2,4,2 From the body gas exchange curve

Pt =Po e -kt

Where Pt = tension of gas after time t
Po = tension of gas at t = o
e * base of natural logarithm
k = constant of elimination
the value of k is found to not remain constant, but to decrease

progressively, the shape of the curve thus differing from those of its
hypothetical and exponential components each having its own constant k.

2.4,3 By definition, the half-time (h) is that time required to reduce
Po to half its original value. For each discrete value of k, therefore

h = 0,692
k

k=cX %

Wheres ¢ = a constant of proportionality
C = symbol of gas transport effectiveness
S = solubility coefficient for the gas in a tissue
Therefore, the desaturation half-time (h) is also proportional to the

solubility coefficient of the ges in a particular tissue, and inversely
iroportional to the effectiveness of gas transport from the tissue,

h= s
1xt



2.4.4 In highly vascularized tissues, the high blood-tissue perfusion
rate may mask differences in diffusion rates of inert gases, half-time
for different gases in the tissue varying only as determined by the
solubjlity coefficients. For poorly vascularized ticsues, equilibration
half-times of different gases should vary as determined by solubility
coefficients plus diffusion ratee.

2.4,5 Theoretically, the body-exchange curve representing the rate of
uptake and elimination of inert gas by ¢he body as a whole is the sum

of an infinite number of exponential curves with different half-times,

each representing tissue regions with the same individual ratio of fat-
fluid content to efficiency of gas transport. Helium having a low
solubility in fat compared toc nitrogen may yield a shorter half-time

than nitrogen in a tissue rich in fat and having an efficient gas transport.
The differentiation of an amount of tissue definea by a nitrogen half-time
into several types of tissue having different half-times when another gas
is substituted for nitrogen is in accordance with the results of Jones et, 2l.,
which support the principle that the varying decay terms of the component
exponential expression (e -kt) are not to be referred to as anatomically
defined phases.

2.,4.6 In fatty tissues the exchange rates differ from the blood-tissue
perfusion rate by a factor of the ratioc blood solubility/tissue solubility
of the gas concerned. Thus, for helium, the final concentration in the
fatty tissues will be less than for nitrogen when the exposure is to the
same partial pressure of these gases due to the lower fat solubility of
helium (He/No = 1/4.5). However, some of the slow tissues may be
characterized more by a poor blood-tissue perfusion rate than by high

fat content, differences in fat solubility of the gases having less
influence on the elimination time. Thus, the different kinds of arbitrary
tissues within the same half-time class may well represent different fat-
fluid ratios and blood-tissue perfusion rates, though the average of their
ratios is constant. If helium is substituted for nitrogen, the classifica-
tion, which is a physiological rather than an anatomical cne, may cause
new tissue combinations to arise with common half-time for this gas.
Theoretically, the arrangement of different half-time groups will remain
unchanged from one gas to another only for gases with the same fat-water
solubility ratio, as for argon and nitrogen at 5.2/1. Thus, the half-

time would be multiplied by the ratio of argon/nitrogen solub.lity
coefficients in oil and water (2/1).

2.4.7 It has been determined experimentally that for helium diving somewhat
deeper decompression stops are required ts prevent bends than for air diving.
Behnke considered this to be due to the rate of helium diffusion into the
blood stream being more rapid than for nitrogen, thus making bubble formation
more likely if the early stages of decompression are too rznid. However,
comparison of the helium and nitrogen elimination curves for subjects
demonstrates the quantity of helium eliminated to be one-third that of
nitrogen for any comparable time period., Recent studies of bubble growth
and resolution in water have indicated that the growth rate of helium
bubbles in solutions of equal concentrations of the respective. gases should
be six times greater than for nitrogen bubbles. This is due to the lesser
solubility and greater diffusibility of helium in either aqueous or fatty
tissues,














































































