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Summary

A THERMODYNAMIC AND KINETIC APPROACH TO DECOMPRESSION SICKNESS

An hypothesis has been developed to explain the mechanism

and kinetics of the occurrence of marginal symptoms of decompression

8ickness,

The approach is essentially quantitative, all expressions

being derived from fundamental physical and physiological parameterse.

The hypothesis attempts to offer a more comprehensive

mechanism for processes leading to the onset of pain than do existing

theories.

It deviates widely from the latter on several major issues

by dincluding postulations ofs-

1.

3e

Random nucleation for gas phase separation in tissue.

This is adopted in preference to the concept of a metastable
limit to the supersaturation of tissue by gases which is
effectively implied by conventional methods of calculatione
Experimental evidence is provided for the random nature of
cavitation at liguid-liguid interfaces.

Tissue as a two-phase system of irregular internal
boundaries. This has provided a satisfactory transport

model for describing the transient uptake of gases which

is consistent with histological considerations. Data for
assessment has been obtained experimentally from the exchange
of inert substances in the same tissue both with and without
circulation. The relevant model for predicting the
occurrence of symptoms is taken as the ‘'worst possible case'.
This refers to considerations of both the random geometry of
tissue and the statistical thermodynamics of phase separation.
Diffusion as the rate-limiting process in this particular
'worst possible' case.

The driving force for inert gas elimination following phase
separation to be an 'inherent unsaturation' arising in tissue

by virtue of metabolism and the physico-chemical properties
of’ blood.
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Experimental evidence is provided for the existence of
this 'inherent unsaturation', and its predicted tendency to increase
with either oxygen enrichment of inhaled gas or with increased
pressure. The latter is the chief source of deviation from existing
predictions of the optimal decompression format. Much deeper
staging of a diver is suggested. This is shown to be consistent
with the purely empirical format devised by pearl divers operating
in Australian coastal waters.

The same expressions provide a better quantitative
correlation of fifteen different sets of published practical data
than do the existing theories. Data analysed include aerial
decompressions, repetitive dives, and dives where there is oxygen
enrichment, helium inhalation, titrated staging, no staging, working
conditions, resting conditions, an effectively infinite exposure, etc

The hypothesis also appears to be qualitatively more
consistent with some twenty-three essentially different aspects
of decompression sickness.

A pneumatic analogue has been devised to analyse dives
according to the hypothesis. It can simulate radial diffusion and
can automatically account for the effects of a phase change upon
inert gas transport. Excessive mathematical complexity has been
similarly avoided by using a thermal analogue to predict the
optimal deployment of decompression timee.

These optimisations have shown a saving of at least 35%
in the decompression time for equal safety following a dive of 40
minutes at 150 feet, relative to standard tables tested concurrently
in vivo. These comparative trials offer the strongest support for

the reality of the mathematical expression and synthesis of the
hypothesis.



1e
NOTATION

The following symbols retain one meaning throughout the text,
others being defined locally:-

a = cgpillary radius.
A = surface area of a cell.
A1, Az eee €tce = coefficients as defined in text.

P « radius of volure receiving gas from one capillarye.
B = blood perfusion rate.
Ci, Cz’ Ci - gas capacities per unit tension - see fig. 5.
Co 5 cco - concentrations of 02 and ()02 at an arbitrary extravescular point.
2 2
C; ’ Géo = concentrations of 02 and (‘}02 in the serum of wvenous blood.
2 2

D = @diffusion coefficient of inert gas in cellular materiel.
Dw = diffusion coefficient of inert gas in water.
D! « diffusion coefficient of helium in cytoplasm.
E « energy.
F « volume fraction of separated gas in extravascular tissue.
Fc = critical value of F for the occurrence of symptams.
g = inert gas entering unit volume of extravascular tissue upon compression.
g! = inert gas eliminated from unit volume of extravascular tissue.
G = total inert gas traversing unit length of capillary wall upon compressione
G' « dinert gas eliminated per unit length of capillaery.
H ~ depth, whose maximum value for a dive is H‘b'
IsJ,s K = Bessel end modified Bessel functions defined by Watson (1944).
k = +time cgonstant.
K = bulk modulus of the critical tissue type.
L = thickness of tissue section.
p = dinert gas tension at an arbitrery point in tissue.
Pgs Bys Pp = arterial, venous and mean tissue tensions of the inert gase
Poo * P ™ CO2 and 02 tensions at an arbitrary point in tissue.
p'! , p' = venous CO_ and O_ tensions.
co’ o 2 2

Pys Pgs P, = mMeen extravascular 02 i CO2 and water vapour tensions.

P -~ absolute pressure.
Po = standard atmospheric pressure.

Pb - gbsolute pressure at meximum depth of a dive.
P'° ~ arterial oxygen tension.
Q = Dblood flow (volume per unit time).
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Q7 &y - arterial end venous blood flow rates (volume per unit time).
L ]

Q, - lymph drainage rate (volume per unit time).

QA’ Qv = arterial and venous oxygen capacities, volume 02 per unit volume
of blood.

r = radial co=ordinate,

R « decompression ratic.

R

n R2 = coefficients defined in text.

-

- tissue:blood partition coefficient for inert gas.

= peri-capillary filtratesblood partition coefficient for inert gas.

o ? Sco = net solubilities of inert gas, 02 and CO2 in cellular material.
2 2

- solubility of oxygen in serum.

2]

time,

2? Ti - fundamental half-times of isolated processes.
= volume of gas separated in tissue volume V.

- tissue volune.

= mole fraction of inert gase.

- bubble radius.

- Neumann functions - see Watson (1 944).

R W o n
e}

s T

-

= linear co=-ordinate.
= roots of equation.

Mo o<
mbpus <

W
o)

-
L]
=

- inert gas capacity ratios.

surface tension.
- a general intensive parameter.
pressure of bubble relative to tissue.
critical value of €' for Just causing pein.
- experimental half-times of response components.

<D

2’
exposure time at maximum depth,
temperature. th

time spent at the m~~ stege.

-

NOO_ BS0H=
]

=
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1.1 PERSERCIIVE

1.11  General
Decompression siokneas arises through subjection of

the humen body to excessive pressure variation, and is cne of many examples
illustrating the limitations of subjeoting man to unnatural environments.
While its manifestations mey take many forms and degrees of severity, their
avoidance has proven far more expedient than their 'cure’,

Hence research has been directed largely towards
atteining sufficient understending of the syndrome to enable the poasible
ocourrence of symptoms to be predicted under any circumstances. The ultimate
goal of hyperberic investigations is the epplicetion of such conolusions to
enable a diver to be returned sefely to the surface at the fastest rate,
minimising the weeriscme time spent suspended in the ocoean during ascent.
This implies a carefully calculated depth-time relationship for each
decampression.

The limitations of such optimisations must therefore
depend upon the ability to recognize the predcminating mechaniams and to
desoribe the system in a precise yet realistio mathematical form. Decompression
sicimess 1s thus one espsct of Medioine where the practical value of any new
concept is greatly enhanced if capable of exact quantitative expression.



1.12 The Project

Decompression sickness features a vast literature in
which the number of independent quantitative approaches are few by comparison
with the wealth of excellent pathological, histological and physiological
theory and recorded experimentation. The latter provides a host of evidence
upon which to judge the merits of any comprehensive hypothesis, the
information ranging from at least twenty of the most varied qualitative
facts to many sets of decompression data requiring deteailed mathematical
correlation.

Despite much attention from the Navies of the world,
the published quantitative approaches have tended to be mostly semi-empirical
in origin and restricted in application. Their shortcomings have been well
illustrsted for long, deep or repetitive dives in recent Royal Naval
articles (Hempleman, 1960 and 1962) which tend to confirm earlier suggestions
that the recognised theories contain at least one fundamental error - probably
physical rather than physiological in nature. Such conclusions are
corroborated by observations of the Aeromedical Unit (Adelaide) whose
recordings (Appendix I) of the extreme exposures to pressure experienced
by native pearl divers in the Torres Strait indicate the existence of some
means of decompressing the humen body far faster than advocated by standard
tebles. lioreover, the deviations of such data are far too great to be
attributable to any approximation made in deriving the conventional
equations.

The writer therefore, decided to analyse rigorously the
many facets of decompression sickness according to the basic concepts of mass
transfer and thermodynamics, irrespective of the mathematical complexity

imposed by tissue constitution.
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1.13 Australian problem
A further reason for underteking this project is the

unique opportunity for studying this subject afforded by living in Australia.
Around the liorthern coast of the continent, both types of diving most likely
to deviate from conventional theory are performed regularly. These vary
from long exposures in the deep tidal chennels of the Torres Strait to
repetitive submersions in the shallow waters around Broome.

Despite the amazing success of local decompression
techniques, empirically derived at the initiel cost of many lives, unforeseen
circumstances still incur symptoms end a few fatalities. Reduction of the
latter would be greetly eided by adjustments to their method besed upon a
realistic quantitative thsory, although these would be accepted only if the
overall ascent times suggested proved as economical as their present
techniques. Such a solution should thus prove of value to the divers
supplying the oysters essential for culture pearl farming which is one of
the few profiteble industries providing native employmsnt and helping to

retain population in the far North of Australia.

12 MANIFESTATIONS OF DECOMPRESSION SICKNESS
1.21  Symptoms
Decompression Sickness is the term given to the
syndrome experienced by divers, pilots and caisson workers following
decompression. The feature of its manifestation is the tremendous diversity
of symptoms, Behnke (1951) cleiming that in the 55 ceses investigated by

Masland (1943) “on no single point do all cases agree.
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This is further illustrated by the following list, as
quoted in order of decreasing preponderance by Duffner et al (4 946):-
1. Iocalised pain (bends 70-9%%) 6. Vertigo

2. Numbness 7. Aphasia (0.3-4%)

3« Muscular weakness 8. Headache

4 Rash 9 Unconsciousness

5 Visual disturbances (54) 10, Chokes (1.6-6%)
(aiplopia 1. %4) 11. Nausea

Any of these may be transitory to the more serious
effects of hemiplegia, paralysis or, ultimately, death.

Figures in parentheses refer to the incidence rate
quoted by Haymeker (41957) summarising the details of 7,000 cases published
by various authors. Approaching decompression sickness from a pathological
angle, he estimated spinal cord involvemeni as 0.6-21%.

Duffner et al (41 %6) found that two symptoms occurred
simultansously in 2G4 of cases, more than two in 4.4%, and confirmed the

overwhelming predominance of bends, pain failing to occur in only 5.%b.

1,22 The bends
Behnke (1951) defined the symptom of bends as "a dull
throbbing type of pain, progressive and shifting in character, and
frequently felt in the joints, or deeply in muscles and bones". This may
be preceded by paresthesis, often described as numbness or just an aware-

ness that "something is not right".

123 Location of bends
Bends seem 40 be strictly limited to those parts of the
body primarily concerned with locomotion. Ferris et al (1 9%%a), have shown
that the pain can be markedly influenced by differential exercise, bends

occurring only in those regions selectively exercised. Such conclusions
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are corroborated by the results of similar decompression chamber tests
performed by anthony et al (19%3a), Henry et al (1545a) and many sources
of diving information. Most pearl divers confirm this finding.
Dissimilar body movements, required by the nature of
their work, may thus account for any difference in the location of pain

experienced by divers and caisson workers.

1.24 Pain and occupation

While a preponderance of bends in the lower extremities
of caisson workers is claimed, Behnke's report (1951) on the analysis of 131
Naval dives, showed 700 occurrence of painful symptoms in the upper extremities
- particularly the shoulder. However, reversal of the latter findings for 17
'saturation' exposures supports the general opinion that there is no definite
rule for predicting pain location.

Bends, essentially identical in character to those
described by divers, are experienced by pilots, Behnke (1 942b) reported
that men vith mild symptoms were unable to distinguish between pain induced
in a low-pressure chamber and that following diving. The relative rareness
of spinal cord involvement with aerial decompression, and more rapid
amelioration of symptoms upon recompression, indicate that any difference
is essentially one of degree. The absolute value of atmospheric pressure
appears to limit the severity of the manifestations of decompression sickness

experienced by pilots (Piccard, 1941).

1.25 Time of onset
For all three occupations, the time of onset of symptoms

and the rate of bends propagation are variable - as illustrated by the

following table for caisson workers.
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TIME OF ONSET GF SYMPTOMS

IN CAISSON WCRKERS

Time of onset Number of cases

First hour 6o 26 60%

Second 17.7% 35%

Third 6. 9% b

Fourth 30

Fifth = eighteenth 7.64

After twelfth %

Total cases 280 300

Source of data Ievy (1922) Thorne (1941 )
TABIE 1

Heller et al (1900) analysed the time of death of 92
fatal cases recorded in the literature, quoting the following figures for
divers - 28 immediately upon surfacing, 13 within 2 hours, 418 after 2-4
hours, 13 after 2-14 days, 5 after 2-4 weeks, 10 after 4-3 months, etc.
Keays (1909) reported 85.1% of symptams occurring within 41 hour in 3,692
cases studied.

Similar distributions appear to apply aerially, Ferris
and Engel (1951) stating that pain generally reaches unbearsble intensity
after 15 mirutes at 35,000 feet, while il rare¢ly develops after 90 minutes.

In the writer's opinion, there are two salient features
sbout onset time arising from the vast quantity of data available = largely
collected by the UsS. Air Force during World War II. The first is the
marked decreasse in induction period with increased exercise following de-~
compression. Cook (1951) described an experiment upon 474 men where a
change from 1 to 2 sets of 10 x 9" 'step-ups' every 30 seconds reduced the
average onset time fram 42.4 to 33.8 minutes at 30,000 feet, and from 29.0

t0 19.4 minutes at 38,000 feet.
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The above experiment also illustrates the second
feature which is the decrease of induction period with increased decompression
- a trend confirmed by many sets of data from diving and serial records.
Thus the more repid onset of symptoms seems to be favoured by conditions

most likely to enhance the severity of any pain eventually developed.

1.26 Severity of symp toms

Throughout the literature there would appear to be
unanimous agreement with the statement that, above certain threshold limits,
more severe symptoms are generally incurred by any increase in either the
extent of decompression or the exposure time at the higher pressure. 4
more quantitative approach towards severity seems hardly justified on account
of the arbitrary means available for its estimation. These usually depend
upon individual ability to withstand pain or a personal description of its

intensity.

1.27 Peasibility of a guantitative approach

The foregoing objections do not apply to use of the
body senses as a detector of marginal symptoms, these providing a well-
defined 'titration point' for determining the threshold conditions. It is
this sharp demarcation of limits which renders any mathematical approach
feasible. The significance is emphasized by Behnke (1951) in describing any
contingencies as "perhaps 5 feet in diving depth and several thousand feet
in altitude ascent separating injury from a state of well-being". Moreover,

when prevention is so much more effective than the treatment of decompression



1.

sickness, the need for advanced programming in avoiding any manifestations
provides ample Jjustification for any gquantitative approach.

The problem thus resolves itself into one of determining
the pressure vs. time relationships which enables the human body to avoid’
marginal symptoms during optimal decompression or at any subsequent time.

However, before attempting to express such conditions
quantitatively, a mention should be made of the influence of paramsters

related to the individual.

1.3 FACTOURS INFLUsNCING SUSCEPTIBILITY QF INDIVIDUALS

1:31 Susceptibility range

Henry and Ivy (1951), who were primarily concerned with
the development of pilot preseclection tests, describe a day-to-day veriation
in men about a fairly stable mean. Ferris and Engel (1951) state that the
reason for this, and the larger variation between individuals, is unknown.
In the writer's opinion the best quantitative assessment of susceptibility
distribution is afforded by the frequency of symptoms observed with
increasing decompression following an effectively infinite exposure to the
higher pressure.

After plotting the data of Gray (1943b), Ferris et al
(19%4), Cook et al (1944b) and Webb et al (1%ka), Nims (1951) found a
linear increase in the incidence of aerial bends with the extent of decom-

pression from ambient pressure.
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While Gray (1944b) found that 130 of a particular
group developed symptoms at 23,000 feet, on the results of 6,000 man-runs,
Cook (1951) has put the lower level at 22,000 feet. The latter author
claims that cases below 25,000 feet are rare. The same description would
also seem to fit the 36Ftof sea water quoted by Behnke (1951) as the
minimun depth needed to induce decompression sickness. Such values probably
refer to professional pilots and divers preselected for their natural
tolerance. According to Duffner et al (1959), Van der Aue quoted
a critical pressure of 33 feet (w.g.) for the 'weakest' divers as a result
of extensive trials by the United States Navy.

Royal Naval figures for both men and goats are quoted
in table 2,

DISTRIBUTION OF INDIVIDUALS ACCORDING TO MINIMUM

DEPTH OR INCUKRING SYMPTQUS

Number of cases showing even mild symptoms
Depth (feet) <L7127-29]|29=31| 31-33| 33=35|35=37|37=39 |39=41| >41 [Total
lien (Crocker? 1951) 0 0 2 0 3 2 2 2 | & | 15
Goats (Davidson$ 13950)| 2 (o] 3 2 0 1 2 o |1 11
TABIE 2

Gray (1951) has correlated group susceptibility with
constitutional factors, finding it possible only in times of national

emergency to assemble sufficient data to esteblish the less obvious trends.

1.32 Age
From this World Wer II eeriel data, Gray (1951) has shown

a roughly linear advance of susceptibility with age, expressing the

relationship as:=-
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Relative susceptibility o Age (in years) = 4 3.4
This expression represents the culmination of many
qualitative reports indicating the same trend in divers and caisson
workers, dating back to Catsaras (1890), Snell (1896), Heller et al (1900)
and later corroborated by Hill (1912), Boycott et al (1908a) and many

otherse.

1.33 Water balance

Cook (19kc), after sumnarising altitude tests,
claimed that men with a naturally high fluid twrnover were less susceptible
to bends, although no appreciable effect was noticed following a forced

increase in imbibed liquid.

1434 Fitness

Karpovich (1 %3) found no correlation between
susceptibility at altitude and the scores from physical fitness tests
taken by 197 A.AJF. cadets; although Motley (1 U45) estimated that severe
symptoms occurred in 4.7 of caucasisns compared with Fb for negroes out
of 4,600 American subjects similarly decampressed.

PFerris and Engel (1951) report a slight correlation
between bends incidence and lung clearance from data recorded by Henry
(1945b) and Stevens et al (193 and 1947), although this may not be
relevant to fitness. A more definite trend is claimed by Jones et al
(1942) who found a decrease in susceptibility with increased elimination
rate of a radioactive inert gas from the body. While largely substantiated
by Henry (19%3a, b), the correlation is still described as "poor" by Henry
and Ivy (1951). The latter claim that the uptake of radicactive krypton

by a hand shows “more pramise®.
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135 QObesity

Boycott et al (1908a) and Vernon (1907) describe the
increasid@ susceptibility of obese caisson workers while s as early as
1868, de Mericourt recommended that no corpulent individual be employed
as a sponge fisherman.

Many attempts have been made to correlate obesity and
bends incidence quantitatively. Fraser (1942) indicated a linear variation
between corporeal density (body weight/surface area) and susceptibility,
while Gray (1951) claimed relationships with linear density (weight/height)
and ponderal index (weight/height®). The trends have been confirmed
qualitetively by Welham et al (1 944) and Swann and Rosenthal (4194), but
seem typical of many correlations with body features - rendered vague by
considerable random scatter. Such statistical characteristics are in direct

contrast to the influences of externally controllable parameters.

1o  EXTERNAL PARAMETERS DETERMINING INCIDENCE

1 el Exposure

Apart from pressure and time which are the two pre-
dominating paresmeters determining exposure, other externslly imposed

factors which can influence the incidence of symptams include:-

1.42 Time of day
Herwry et al (4 943b), after carefully standardising

their aerial decampressions, found a slight yet distinct increase in

symptoms occurring in morning compared with afternoon trials. This
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increase coincided with a reverse trend in the measured metabolic rate of
the same subjects. Gray (1%3b) found that this diurnal bends effect
increased with altitude, the number of forced recompressions reaching 70

(morning) compared with 40 (afternoon) at 38,000 feet.

1.43 Temperature
Both Nims (1951) and Cook (1951) summarise the effects

of increased temperature for which all results tend to show a slight drop
in the occurrence of symptoms. This has been particularly well demonstrated
by Tobias et al (1 9%43) who found a lower incidence of bends in locally

heated regions than in those on the opposite side of the body.

1o44  Inhaled gas composition

Respiration is practical at depth provided the necessary
mechanical balance is maintained between hydrostatic and inhaled gas
pressures., The latter must equal the sum of the partial pressures of each
molecular species present. The effects of these gases upon the system may
be classified according to the types most likely encountered under
operating conditions, namely:-

Ble inert gases = chemically unreactive in the body,
b a possible accumulation of exhaled COz,
Co oxygen rnecessary for tissue metabolism.

While nitrogen has been the inert gas inhaled by

subjects in the data quoted hitherto, its replacement by helium is desirable

under certain circumstances if cost permits (see section 1.52).
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The literature contains much theoretical speculation
concerning carbon dioxide. Gray (1944s), after recording every detail of
all symptams which developed at 58,000 feet in 204 subjects breathing 100
0, and another 204 simultaneously decompressed and breathing 896 0,+ 126 CO,,
Tound that "in no single respect was there any difference between the groups
of even moderate statistical significance®. Thus Cook (1951) would eppear
well justified in steting that "carbon dioxide has no effect whatsocever
upon decompression sickness",

The literature presents undisputed agreement that any
increase in the oxygen mole fraction of inhaled gas tends to reduce the
incidence of symptoms. Preventive measures based upon this trend take the
following formss-

ae preoxygenation of pilots prior to decompression,
bse increased 02 partial pressure supplied to divers,
Ce therapeutic treatment before or after the development

of symptoms.

However, the application of these methods is limited by
effects which may develop at pressure s each of the principal constituents

of eir being capable of producing undesirsble reactions.

1.45 Compression limits imposed by gas composition

Excessive exposure to increased oxygen partial pressures
may cause loss of consciousness while nitrogen cen sometimes exert a narcotic
effect upon a diver rapidly lowered to depths in excess of 130 feet (Behnke,

1951) to 180 feet (Miles, 1960). Behnke et al (1935b) quoted 428 mm.
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mercury as the irritant level for prolonged oxygen breating, and claimed
that 100% 02 at atmospheric pressure can prove toxic after 12 hours. The
time needed to produce these toxic effects is reduced to 3 hours at 3
atmospheres and to 15 mins. at 4 atmospheres partial pressure of oxygen.
A 3-fold increase in consumption with pedalling a bicycle may produce
signs af'ter only 10 mins. at 3 atmos,

Both nitrogen narcosis and oxygen 'blackout' are
enhanced by increased CO2 content. It must be emphasized that neither
are symptoms of decompression sickness, although similarly provoked by

exercise.

1.46 Exercise
Apert from the effects upon onset time and pain
location outlined previously, exercise has a considersble influence upon
the incidence of bends and other symptoms. The many articles upon this
aspect of the subject seem somewhat conflicting at first, but it would
eppear that the outcome of any physical exertion depends upon the stage
of the dive, or decompression, at which it is underteken, i.e. whether:-
a. before decompression,
b. during decompression,
c. following decompression, or
d. during any pre-oxygenation.
Many references can be cited which illustrate the
increased incidence of symptoms with exercise at depth, Behnke (1 951)
quoting 25 mins. as the safe working time at 100 feet followed by non-stop
surfacing compared with a maximum exposure of 34.5 mins. in the resting

condition.
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There is similar 1manimous agreement upon the effects
of muscular activity following decompression - as shown by Van der Aueet al
(1936) end many others for diving. Quentitatively, Gray (1943b and 1%kc)
comes to the general conclusion that exercise taken aerially may reduce a
men's bends-free altitude by as much as 5,000 feet over the range 26,000 -
38,000 feet. This trend is supported by comprehensive records campiled
fram U.S. and Canadian Air Force data by Cook (1951).

The effects of exercise during decompression seem quite
controversial with Ven der Aus et al, showing a definite increase in
susceptibility when the standard U.S. Navy decompression tebles (1 943) are
used. On the other hand, Behnke (1951) quotes Bornstein (1910), and others,
who point out the theoretical advantages of men working during ascent to the
surface. Japp (1909) found no deleterious effects in letting caisson
workers walk through a tunnel during decompression. However, it is
interesting to note that his men exercised at Pressures greater then
advocated for ascent by standerd Naval procedures.

While Robinson (13%3) could find no improvement with
working during pre-oxygenation, a similar claim by Gray (19%42) seems based
upon results which indicate a slight fall in bends incidence fram 12.7% to
11.4%5. Webb et al (1944b) recorded 18 forced recampressions among 39 men
for 1 hour on oxygen before decampression, compared with 26 for the same
men resting during that period. Finally Evelyn (1941) claims that 30 mins.
pPre-oxygenation with muscular activity is equivalent to 60-90 mins. of the

same treatment resting.
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1.5 PREVAITVE MEASURES

1.51 Cause of symptoms

Since the work of J.S. Haldane (1908), there has been
no dispute that symptoms of decompression sickness are manifestations of
the presence of bubbles somewhere within the body, the term “extricated
air" having been used as early as 1855 by Littleton to explain the deaths
of several Cornish caisson workers. However, at this stage, any further
eluciation as to the site, conditions for appearance, mechanism of formation,
kinetics of growth or composition of the separated gas would only serve to
emphasize thet the etiology of this syndrome is one of the most controversial

in the literature.

1.52 Change of inert ges

The appreciable contribution to the bubble content
generally attributed to the inhaled inert gas would suggest the replacement
of nitrogen by one less soluble in tissue. The use of helium has thus
enabled decompression times to be reduced for dives of long duration at
maximum pressure. Helium has lower absolute solubilities in fat and
water than nitrogen and a more favourable blood:tissue partition
coefficient (Ikels, 1964).

Taking an arbitrary depth of 200 feet, the U.S.N. Diving
Manual (1954), indicates a saving in total ascent time for any exposure
exceeding 35 mins. However, the fact that the reverse is true for shorter
durations suggests the more rapid assimilation of helium by the body despite
its lower solubility in blood. This observation indicates that diffusion

may play a major role in controlling tissue permeability.
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1.53 Increased oxygen

An alternative means of avoiding the gradual accumulation
at depth of an excessive tissue concentration of volatile substances can be
provided by partially replacing the inhaled inert ges by one continuously
consumed by metaoolism (Gersh and Catchpole, 1951). Thus, by increasing
the partial pressure of oxygen to 1.6-1.8 Kgm. cm.-z, the Microperi
company (Pellegrini, 1962) have enabled men to surface directly and
safely after working at 82 feet for as long as 7 hours - compared with 67
mins. permitted by the U.S.N. air tables. Limits for the substitution of
O2 for an inert gas are ultimately set by those described in section 1.45.

In avoiding such dangers, and their Provocation by
exercise, the breathing of oxygen-enriched air may be delayed until a pre-
determined safe period of rest immediately preceding decompression. Using
8 divers in a 'wet' pressure tank, Hawkins et al (1 935) have shown that
breathing 10Q% 02 for 2 mins. before direct ascent, at a simulated 50 feet

/min., enables the duration at depth to be extended considerably (table 3).

A CQVMPARISON OF EXPOSURE TIMES WITH AND

WITHOUT 2 MINS. BREATHING 100% oa

Maximum exposure for direct ascent (mins.)

Depth 2 mins. on O_* air decompressions "
(feet) before ascent UsSeN. tables (1954) safe limits

100 1+2‘ 25 26

150 27? 15 11

167 16? 5 8

185 13% 5 7

200 13 = 6

TABIE 3.

*Data from Hawkins et al (1935). *Data from Miles (1962).
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Similerly, the desaturation of tissues by inhaling

Pure oxygen before ascent to altitude has invariably tended to reduce the

incidence of symptoms in pilots (Bateman, 1951).

1.54

Pre-oxygenation

Quantitative assessment of the undisputed protection

afforded pilots by breathing 1004 O, prior to decompression is rendered

difficult by a large random scatter of results.

While the literature is

primarily concerned with the increased onset time relevant to flying combat

missions, Bateman (1951) has plotted the incidence of mild and severe

symptans versus duration of pre-oxygenation.

several sources, are summarised in table 4.

REDUCTION IN AERTAL SVMPTOwS WITH PRE-OXYGENATION

SData from Bateman, 1951 !

These data, taken from

Cases as percentage of those without pre-oxygenation

Source Numbers Conditions Mild symptoms Severe bends
of data - | involved
Author Exercise |Altitude| 1 hour | 2 hours|1 hour |2 hours
men [trials| level | (feet) pre—oxe.| pre=-ox.| pre-ox. | pre-oxe
Ferris et al ‘
(19i43Dp) -| ¥ | working| 35,000 | 90-35 |45-506 | 67-72 |25-284
Clarke et al
(P U5)- 15 | 44 | working| 38,000 | 50-555 |17-1%0 | 48-5% |13-150
enry et al
(19u4) -| 52 working [ 38,000 | 20-22% |13-150 | 20-256 | 8-96
Gray et al 80 - resting | 38,000 [4k.B=5.1%]|< 1% 142-1.60| <0100
(1942)
TABIE 4
The results of pre-oxygenation during ascent are again

well summarised by Bateman (1951) who concludes that breathing oxygen is

more effective at lower eltitudes.

He quotes Fraser's trial ascents (1943)
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to 35,000 feet in which the number of cases of moderate and severe symptoms
was reduced from 456 to 21% by administering 100% 02 for 1 hour at 20,000
feet, and finally to 1% for the seme time at 10,000 feet. Gray (194ic) has
found oxygen inhalation at 'pre-bends' altitudes of 20,000-28,000 feet to be.
3-3 as effective as at sea level. More recent work reported by Fryer (1962)
has been rather more specific in selecting 25,000 feet as the lower pressure
limit for gaining any advantage from pre-oxygenation. The repid ongset of
symptoms with further decompression, following a 3 hour stop at 25,000 feet,
indicates that decompression sickness is already “pre-established® at this
altitude. Akin to these observations ere those of Houston (19%6) who found
that repetitive decampressions lowered the minimum altitude for marginagl
symptams from 22,000-23,000 feet (section 1.31) to 17,000~18,000 feet,

despite the victims breathing 100b 02 during each ascent.

1.55 Treatment of developed symptoms

Bends, and most other symptoms, eventually disappear if
no treatment is applied, divers with a slight pein usually deciding to "sit
it out". This indicates a decey factor in severity which has been quantitative
combined with a growth term by Lawrence and Hamilton (1945) in their
successful empirical expression for the rate of production of aerial

symptams, vizs-
d
at W/N) =& exp(-k t) - A, exp(-k t) (@)

vwhere Ns is the number of cases, N is the total number of subjects, A1, ‘z’

k1 and k2 are constants and t represents time.
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The failure of drugs to be effective in decompression
sickness has been well sumnarised by Cook (1951) who classified them as

followss-

1, Vasodilator drugs, which can open up capillaries have been
effective in accelerating the elimination of inert gas fram
dogs, but have proven of little use in preventing symptoms

during altitude tests.

2e Certain drugs, such as morphine, enable the victim to

tolerate a greater pain level, but represent no real cure.

3o GO2 has been suggested as a tonic influence on the cardio-
vascular system, but any advantage has been completely
dispelled by Greay (eection 4 .uk4).

While the administration of oxygen has proven helpful
in ameliorating the more serious symptams of decompression sickness (Behnke
et al, 1937 and Workman, 1964), no therapeutic treatment has proven more

effective than recompression.

1.56 Recompression.

Provided excessive time has not elapsed since the
development of symptoms, these usually disappear completely upon full
recompression. Often pressures far lower than the original working depth
suffice, Behnke (1951) quoting a general value of 100 feet (water gauge)
for alleviating the majority of 'mild' bends pains.

Return to ground level almost invariably rids pilots of

any symptoms - except in a few rare instances where they have occurred
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following recompression, the subject having experienced no ill effects at
altitudes The latter has been termed 'post decompression sickness', cases
having been reported by Haymaker, (1957) LeMessurier and Baxter (1963), while
Masland (1943) has commented upon the danger of such delayed manifestation.

A feature of the bends is its reversible nature, almost
certeinly stemming from the mechanical effect of hydrostatic pressure upon
the volume of gas separated fram solution in the pain-provoking tissue. 4
second decompression, soon after recompression, causes the pain to re-occur
immediately in the original site. Many authors have reported this effect,
whose prominence decreases with the duration of recompression, but which
may persist for 3-4 hours (Cook et al, 1944b) or even as long as 6 hours
(Blankenhorn et al, 1%2 and 19%4) following the return of pilots to ground
level. Behnke (1951) quotes periods of the order of days for the pressure
treatment of severe symptoms in divers.

These facts support the general opinion that manifestations
of decompression sickness are relatively difficult to cure when once
established. To avoid such a condition the potential treatment time may be
considerably reduced if the successive recompressions are effectively in-
corporated into the initial decaompression by returning the diver to the

surface in a series of stages.

> 1.57 Staging
Staging has been universally employed for decompressing
divers since its introduction by Haldane and co-workers in 1908. The various
methods are usually published in the form of tables which prescribe times to
be spent at various depths. These stops in the ascent conventionally differ

by intervals of 10' after the first "pull® towards the surface.
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4t altitude significant protection ageinst aerial
symptans by steging at 12,000' has been reported by Marotta et al (1961)
whose subjects were breathing air.

The published decompression tables are based mainly upon
empirical modifications of various quantitative theoreticel approaches whose
deviation fram experience for long and deep or repetitive dives (Hempleman,

1960 and 1962) would suggest their critical review.

1.6 CRITICAL REVIEW OF THEORIES

1.61 Historical

Theoretical discussions of decompression sickness date
back to the first cases of 'compressed-air illness' reported by TIriger in
1841, their early development being well summarised by Goodman (1961).

However, the publication of "La Pression Barometrique"

by Panl Bert in 1878 is regarded by many as the genesis of present knowledge
on the effects of pressure variation upon biological systems. Indeed, the
subsequent emphasis upon the inert gas distribution emanates from the
preponderance of nitrogen found by his snalysis of the bubbles whose
presence he demonstrated in decompressed animals.

Quantitative approaches effectively commenced with the
appointment of a deep diving committee by the Admiralty in 1906 under the
guidance of the celebrated physiologist J.S. Haldane. Publication of their
resulting theory (Boycott et al, 1908a,b) led to the compilation of the
first set of decompression tables whose influence upon present techniques
is still most pronounced - in fact comparison with current Naval procedures
supports the claim that they have undergone little more than semi-empirical

modification.



26,

1462 The Haldane rule

The Haldane principle forms the basis upon which most

decompression tables are founded and is, perhaps, best introduced by the

following extract from the classical textbook by Haldane and Priestley

(1935a) -

"The formation of bubbles depends, evidently, on the existence of
a state of supersaturation of the body fluids with nitrogen.
Nevertheless, there was abundant evidence that when the excess

of atmospheric pressure does not exceed about 13 atmospheres,
there is complete immunity from symptoms due to bubbles, however
rapid the decompression. Thus bubbles of nitrogen are not
liberated within the body unless the supersaturation corresponds
to more than a decompression from a total pressure of 2% atmospheres.
Now the volume of nitrogen which would tend to be liberated is the
same when the total pressure is halved, whether that pressure be
high or low. Hence Haldane thought it probable that it would be
Just as safe to diminish the pressure rapidly from 4 atmospheres
to 2, or 6 atmospheres to 3, as from 2 atmospheres to 1%.

Quantitatively this condition for safe decompression

may be expressed as:-

(Sp)/P <R =2 (3)

where 2p is the total tissue tension, P is the absolute pressure and R is

a constant of two termed the decompression ratio. Although not using the

specific symbol Zp, it is uncertain from Haldane's text whether this critical
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transient quantity is nitrogen or total gas tension, both terms being used.
However, he estimates Zp from a simple exponential format which may be
expressed quantitatively for a general tissue (i) as:-

@p); =B+ (B -2 )0 - exp(-k t)) )

for a step change in absolute pressure defined bys-

P=-P°for t <0, 't:o]?=ZE’1 for t > 0, where ki is the
appropriaste time constant. The theoretical basis for the linear response
implied by equation 4 is discussed in sections 5.23 and 5.24.

The writer can raise no fundamental obJjection to the
verbal description of the principle by Haldane and Priestley. However, the
ultimate use of equation 4 for estimating 2p assumes that the tissue has an
uptake response for the metabolisable gases identical to that for the inert
gas, and that air may be effectively regarded as 100p N2 for calculation
purposes. Moreover, the equation implies that a tissue will eventually
obtain true saturation with respect to the inhaled atmosphere.

These basic assumptions have been perpetuated by many

later authors and partially concealed by such tension units as a
"footsworth® of gas (Rashbass, 1955a) in which gas composition is
not specifieds It is this guantitative implication of a direct
proportionality between absolute pressure and the total tissue

tension eventually attained which forms the theme for later
discussion (section 5.6).

1.63 Tables based upon supersaturation theories

For calculation purposes most authors represent a dive,
and any subsequent staging, as the closest rectangular pressure-time profile
(fige. 1). Time spent moving between stages is normally apportioned equally
between those levels. If the dive is of duration @ at a 'bottom' depth

(absolute pressure P,) followed by staging comprising times '1'1 ,7'2 ceveeesdT
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at absolute pressures:- 1“1 A Pz, .....Pm respectively, the net tension of
the :l.th tissue at time t from the start of compression is obtained from

equation 4 using the principle of superposition, i.e.
@)y = B, + (B2) (1-oxp(-9) = (2,2) [ 1-emploiy (+9) |

-5 @2, 1-exp(-ki(t-e-’z:irm))] (5)

Tebles are calculated by selecting the highest value
of (Bp)l for the i tissues considered relevant and applying the ratio rule

(equation 3) to determine the next staging pressure Py, 888

((EP)i)ma}‘/Pm_'_‘ - R(‘Z) .

In practice the convention has been adopted of
determining the staging time ('rm) for arbitrary 10 foot intervals, i.e.
Pm+1 - Pm = 10 feet until Pm = Po where Po is the absolute pressure at
the surfece. Decampression tables can thus be canpiled by repeating the
computations for various exposures () and 'bottom' pressures (Pb).

In compiling the original Haldane tables the tissues
regarded as likely to provoke symptoms were assigned half-saturation times
(= 0.693/k;) of 5, 10, 20, 40 and 75 mins. (Heldane and Priestley, 1935a).

While the procedure advocated by Boycott et al (1908a,b)
Probably represents the greatest single advance in avoiding decompression
sickness, the value of R = 2 has been shown to be dangerous for long
exposures or depths in excess of 120' - Behnke (1951). Hawkins et al
(1935) allotted @ifferent ratios to the different tissues considered

importent, verying from R = 5.5 for the fastest to R = 1.7 for the slowest.
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similer modifications were advocated by Yarborough and Behnke (1939). Iiore
recently Dwyer (1956) has selected four tissues of half saturation times
20, 40, 80 and 120 mins. for which he recommended R values of 2.5, 2.3, 241
and 2.0 respectively as a reasonable fit for dats gathered from exoseric..ce.

Reverting to R values of the order of 147, Lioluiphy
(1950) retains the use of 5, 10, 20, 30, 40, 50, 60 and 70 minute tissues
in modifying the original helium tables compiled by Momsen and VWheland. The
UsSeNe (1564) advocate direct surfacing sfter breathing oxygen at the LO'
stage of any dive on He/O2 mixtures.

Current standard tables are based upon such semi-
empirical approaches.

Illustration of the design of & decompression assuming

an arbitrary 5-tissue system is provided in fig. 1.

1.64 Fundarental interpretastions

While the foregoing empirical modifications by the U.S.
Nevy to the Haldane method of calculation have reduced the staging times of
the original British tables, the authors have been very cautious in
offering any fundamental explanation.

Thus Behnke (1951), with many years of experience,
admitted that “what appears to be a supersaturation tolerance could well
prove to be an index of the degree of embolism which the body can tolerate®.
This alternative explanation for a constant ratio, first advanced by Haldane,
hes been discussed by Piccard (19%1). It is based upon the simple deduction
that decampression of a solution, saturated at P1, and decampressed to a lower

absolute pressure Pz, liberates equal volumes of the same gas whatever P1 -
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provided IIE‘1 /1?2 is constant, assuming surface tension effects can be
ignored,

The above concept of a ratio as the relevant parameter
in describing the limit of supersaturation is in direct contrast to the
constant pressure difference (AP) advenced by Harvey (1951a). His biological
evidence for such a conclusion is discussed later in considerable detail
(section 4.3) .

Concerning the uptake of the inert gas within the body,
Behnke (1951) has measured a man's nitrogen elimination (G) in relation to
the time following a sudden change to breathing 100k 02 at atmospheric

pressure. Such 'oxygen washout curves!'have been analysed into the form:-

G=G, [1 - ma. exp(-kj.t)] (6)
where G = G°° for t =0,

This format has proven expedient in analysing the inert
gas elimination data of many workers including Jones et al (1945b). However,
the use of experimental time constants (k;j in equation §) has Proven no more
successful in correlating diving data than the empirical values.

Equation 6 has often been quoted in support of the
existence of individual tissue types, each exhibiting a simple exponential
response to changes in alveolar partial pressures. However, such reasoning
supposes that each of the hypothetical tissue types, designated as an "i"
term in equation 5, contributes to no more than one of the "j" terms in
equation 6. Practical evidence for doubting that each tissue response can
be described by a single exponential term is provided by Eggleton et al

(1945) who have found that, for cats,
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G o< '\rt- (7)
for small velues of t.

These authors strongly criticised Behnke's model
attributing each of the exponential terms comprising the elimination
curve to specific tissues - all in parallel with each other and in series
with the same blood supply.

Physically, the simple exponentisl equatian(h) implies
one of at leasi two alternative Mathematical models including:-

(1) That venous blood leaves in equilibrium with tissue, the
blood-tissue exchange rate being totally circulation-
controlled, or

(2) That each tissue (i) is equivalent to a fully-stirred pot
separated from blood by a membrane which embodies all
resistance to mass transfer, its geometric dimensions and
gas permeability determining ki'

The derivation of the exponential form (equation 4), for
both cases, is included in the overall discussion of transport (sections
523 and 5.24).

Thus if the lincar tissue response assumed in deriving
equation 4 were valid, the expression would hold whether the rate-limiting
process were diffusion or circulation. Behnke emphasized the former and
Workman (4 964) implied the latter, while the issue is considered of
secondary importance to those content with expressing blood:tissue exchange
by this simple mathematical form. The U.S. Naval authors have concentrated
more upon empirically modifying tissue time constants (ki) and decampression

ratios (R) than seeking fundamental explanations.
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1.65 Diffusion Theories

Contrary to the foregoing spproaches, Hempleman (1952)
introduced the concept that a single tissue type may be responsible for
marginal symptoms whatever the decompression format. Moreover, he disputed
the assumption that extravasculer tissue may be regarded as a fully-stirred
fluid. A4ssuming that dlood circulation is not rate-contributing, he selected
a linesr bulk diffusion model for calculating the uptake of inert gas by
tissue. ilucication of the rate-controlling transovort process is considered
in great detail later (section 5.2).

Hempleman adopted the approach of A.V. Hill (1528) in
regarding extravescular tissue as a flat parallel-sided slab, of infinite
eres bathed on both sides by well-stirred blood at arterial tension. He
derived the transient tension distribution as an error tunction whase form
implies that infinite slab thickness had been assumed (section 2.1). Applying
Fick's law to the blood-tissue boundary, Hempleman obtained an expression
whose approximation for short time exposures (6) would give the conditions
for non-stop surfacing from depth (H) as:-

H W: constant (8)

This form has proven more successful than any multiple-
tissue single-exponential approach for values of @ not exceeding 40 minutes
on air. Examples of the relative success of this method is given by
Duffrer et al (1959) for no-stage dives on both air and He/O2 mixtures.
Duffrner et al found that, upon rewriting equation 8 as a general power function
of H 49’J = constant, no single value of K gave an adequate correlation with

the experimental results. ZEmpirically he selected:-
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U = 0,38 for 0< 0 < 30 mins.
i = 0,85 for 30 < 6 < 50 mins.
1 = 0,76 for 50 < 6 <

The form suggested by equation 8 has been extended
by Crocker and Taylor (1952) to steged dives. This has again resulted
in a better correlation of bends incidence for dives of short duration,
25 minutes at 180 feet being the greatest exposure tested.

Attempting to correlate long exposures, the Hempleman
model has been used by Rashbass {1955) who neglected all but the first
three terms of the expression for linear bulk diffusion derived as a
Fourier series (Appendix II). Quoting Harvey et al (19%4a), Rashbass
assumed the limit of supersaturation for the critical tissue to be a
constant differential (4P) between absolute pressure and tissue tension
(taking air as 4100% Nz)' Thus he derived the condition for no symptams
following decompression to P, from an exposure time (0) at absolute

pressure P as:-

&P = (P‘-‘-Pz)-(PrPo)% Le:cp(-ko) + eﬂ%w + ﬂ%ﬁl > 30 feet (9)

for a dive defimdbyr=1=°fo::-t<o,MP1 for 0<t €0, and P =
P, for t > 6.

While Rashbass draws meny diegrams illustrating gas
distribution perpendicular to the parallel faces of his 'slab'! of tissue
after partial decampression, his mathematics essentially represent an
integral approach, i.e. he calculates net gas traversing the blood-tissue

interface. If the nucleation of a supersaturated solution were the trigger
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point indicated, then surely the maximum local concentration, or psak
tension, 1s a more relevent parameter. This is described quantitatively
in Appendix II, and illustrated in fig. 2.

While the Rashbass approach provided the best correlation
for the overall depth vs. time relationship representing the limits of no-
stage diving for both air and He/O2 mixtures (Duffner et al, 1959), sea
trials of the staged dives were disappointing - producing a 1% bends
incidence.

Despite expounding a diffusion model, neither Hempleman
nor Rashbass calculated a diffusion coefficient. However, taking their
empirical value of k = 0.00792 = WD/4b?, (Appendix II), where 2b is the
thickness of the slab, D/b° = 0.0101 min~', i.e. a value of D many orders
less than water for (2b) values in range of published inter-capillary
distances (see section 5.49).

The writer could find no discussion by these authors of
their implied contradiction of the popular belief that blood perfusion is
the process limiting the rate of tissue permeability.

While the Hemplemen concept of linear diffusion haa the
above-mentioned flaws, his approach would seem to represent a considerable

advence in theoretical thinking - both conceptual and in practlce.

1.66 Semi-empirical approaches
Crocker (1957), after expressing disappointment at the

sea triels of the Rashbass steging procedures, retained the seme method of
calculation as "a convenient mathematical instrument*®, but claimed no

fundamental significance in its use. Although not stated, the integral
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nature of equation 9 would seem more eppropriate to Crocker's acceptance
of the existence of “silent bubbles®, i.e. bubbles not of sufficient size
to have become menifest in the clinical sense.

Modifying the Rashbass conditions to £it the practical
vase, he introduces a "bubble regression factor® as an overall exponential
in equation 9 to help eccommodate the difference.

The net effeot is one of increasing staging time for the
longer and deeper dives, the resulting tables closely resembling other semi-
empirical sets derived by the U.S. Navy. In the sea trials 246 submersions
produced 14 cases of decompression siclkness. However, it would sppear most
significant that the recommended decompressions of the offending dives were
modified by increasing the time spent on the last stage only, i.e. at 10
feet. Thus the deeser stagings advocated by most tables seem to have changed
little and represent a legacy of the original Haldane spproach.

4n alternative to the U.S.N. or Crocker methods of
empirically increasing staging time from deep dives, is provided by Albano
(1961). The latter considered a single tissue of exponential response with
& time base inversely proportionsl to the diver's maximum depth (Pi) i.e.

o« ]q/'.l?1 » Thus Albano proposed that the condition for safety wasi-

Dpc = (P'/PO)*( 760-251 .exp(-k.AP.t/P1)) mn.Hg < constant (10)

vwhere &P is the decompression, Po is the absolute pressure prior to compression
(760 mm.Hg for diving) and P' is that corresponding to the threshold altituds

for symptous which Albano takes as 9,000 m. i.e. P' = 230 mm.Hg.
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The last equation gives a good correlation for his
recordings of 1,729 non-stage dives performed by 9 men but, unfortunately,
his exposure range terminated at 43 minutes which is just in the region
where Hempleman's ‘\IE relationship starts to display an appreciable discrepancy.

His critical parameter for symptoms, Dpc’ he defined asi-

Dpc = True bubble pressure - absolute external pressure (P).
Since he did not measure Dpc directly his statement to
the effect that his transport equation was determined empirically as
DPc = 760 - 251 exp(-k.AP.t/P1)
must imply that equation 10 is also empirical.
Referring to Harvey's evidence for very small free
gaseous masses or nuclei in tissue, Albano's theory (1960) is based upon
the existence of pre-formed nuclei. The origin of these is better described
in his own words asi-
"les mouvements, l'activitd fonctionelle des différents systémes,
1'existence de cavitds tréds hydrophobiques dans les tissus permettent
la formation et la stabilitd des noyaux".
The theme seems to be that nuclei form, or that pre-formed nuclei do not grow
until the diver is decompressed to the absolute external pressure (") at
which the critical tissue is saturated. These micro-bubbles are then
postulated to expand fram their initial volume (V") to a final volume
(vz) at the final pressure (Pa).
Writing Boyle's law as P“.V2 = sz" but correcting it

in later steps to be P*W" = szz’
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4lbano:-

(1) Considered growth of each nucleus by mechanical expansion
only, thereby assuming that no more gas molecules were
acquired with decompression beyond equilibrium, despite
the increasing supersaturation surrounding an established
gas phase.

(2) Ignored surface tension in epplying Boyle's law, despite his
argument resting on the condition that D, = 2‘Y/yc where Y
is the surface tension and Y, is the critical bubble radius
for provoking symptoms.

This amission is made all the worse by his determination
of Dpc as 509 mm.Hg whose neglect relative to such sbsolute pressure as 760
mn.Hg and 230 mm.Hg , in deriving constants from aerial data suggests thet
his theoretical attempts to explain a good empirical equation (10) are an
arithmetic fabrication. The writer can find no author vho has quoted
Albano's work.

An approach with similar emphasis upon surface tension
has been recently described by Degner et al (1965). Primarily concernsd
with determining the optimal pressures and gas compositions for spacecrai't,
and swits for tne transfer of astronauts in orbit, they postulate the model
of small seed bubbles coalescing intravascularly., Furthering the theme of
Piccard, {1941) they derived the volume of blood (B) from which a bubble of
critical radius (yc) may be formed as:-

P T
B = =2,=l T ?‘T.BI:‘FZ 3
b-P1.T.3Vg( )

2 1T e 2
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where P, and T, are the final absolute pressure and temperature respectively,
Vg is the nitrogen available from venous blood at pressure P1 and temperature
El?1 s &and Pe is a term to account for the exercise level.

In view of the importance which Degner et al attribute

to surface tension by statings-

ZP1 + Pe - P2 = 2Y/y°.
it would seem a gross oversight to amit the contribution of such terms to
bubble gas pressure in applying Boyle's law as B /P1° Another objection
similer to those levied at Albano is the neglect of the additional moles
of gas available for bubble formation by virtue of decompression from P1
to Pz, i.e. a further increase in V8 beyond that predicted by their
transient expressions-

V= 01(1-exp(-3\,t)) + C, (1-exp(-A,t))

where G and C, are capacity terms and 7\1a.'nd 7\2 are the respective time
constents determined experimentally for the claimed bimodal response of
nitrogen concentration in postcaval blood.

Degrer et al did not mention the potentially greater
effect of surface tension upon their postulated initial seed bubbles and
consequent influence upon the position of phase equilibrium by virtue of
the increased partial pressure of the separated gases. Moreover, in
advancing the concept of symptoms erising through intravascular bubbles
lodging in cepillary loops, they offer no explanation fof the well=known
fact that bends pain ususlly re-appears at the same site following an
insufficient period of recompression. This is discussed in detell later

(section 3.35).



1.67 Bubble growth
“Silent bubble" theories with more realistic physical

bases have been proposed by Nims (1951) and Bateman (1951) who are among
the few to express, quantitatively, their belief that the rate of mass
transfer across the gas~tissue boundary influences the time of onset of
symptoms. They consider that the manifestations of decompression sickness
are a matter of the position and size of bubbles whose initiation is not a
limiting, or even rate-contributing, factor. In justification of this
assumption, Harris et al (1%45b), Harvey (1945) and Whitaker et al (1 45)
are quoted as having observed cavitation in animals provoked by exercise
without a change of external pressure.

Nims and Bateman assumed a model of bubbles growing in
a supersaturated extravascular fluid of teﬁsion presumably uniform - as
inferred by the quantitative expression that its response to aslveolar
partial pressure is a simple exponential (equation 4).

However, Nims took the rate of accumulation of the
inert gas by the bubble asi-

Rate o surface area (tissue tension = bubble tension)

This simple linear relationship is incongruous with the
above model in view of the absence of any resistance specific to the inter-
face, as oi‘iginally expressed by "invasion coefficients" (e.g. Krogh, 19 8a)
but now rendered obsolete by a revision of ;.bsorption theory. It is current
practice to assume camplete equilibration at the phase boundary (Whitman,
1923). The only resistance to the growth of a bubble in a supersaturated

solution can be afforded by the estsblishment of a concentration gradient
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in the liquid extending radially beyond the interface - in which case
Giffusion in the fluid is rate-controlling. Should the latter impose the
appreciable time lag implied by the whole approach, then extravascular
diffusion must apply equally to the uptake of inert gas fraom the blood, in
which case, a single exponential term for each tissue type can no longer
describe the latter process adequately.

This objection is circumvented, to same extent, by
Bateman whose whole argument seems to rest upon the assumotion that extra-
vescular tissue may be regarded as a fully-stirred fluid. Incorporating the
growth equation determined experimentally in vitro by Bateman and Leng (1945)
for agitated solutions of various gases, he derived the condition for

symptoms as:-

(B B +62) (B B ) (1-107 ) p o 6 :]
. - ~ -63)t | > X
(P+30) »\]_1_;- k [ N "o
expressing all pressures in mm.Hg where PNo and PNW are the nitrogen
partial pressures for t = O and t = ® respectively, P is the absolute
pressure for which P =P_for t = 0. k and k' are constants. X = 650
taking Lir' os the depth for non-stop decompression of a diver.

Since Bateman and Lang essentially measured the overall
expansion of decompressed solutions dilatometrically, their growth equation
must be a function of nucleation in addition to gas transfer across the
phase boundary. lioreover, the relative magnitudes of these effects could
be fer different to that in vivo.

Bateman's analysis of threshold altitudes for various
periods of pre~oxygenation is as good as the very random scatter of

exgerimentzl values permits. However, his attempts to explain the staging
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of a diver by his theory campletely hresk down lesding +o his very honest
admission that his equations "have been painstakingly exemined only to be
completely demolished by the final demonstration of fundemental inadequacy™.
Bateman concluded fram analysis of his aerial results that, although his
quantitative expression may not be the answer, stable bubbles can be

formed without necessarily producing symptams.

In the writer's opinion, one of the most serious
quantitative cmissions by both Nims and Batemen is their feilure to cample te
a transient mass balance for the inert gas in tissue. Thus the phase
separation is, in effect, assumed by both to have no influence upon
desaturation via the capillaries. This amission cannot be excused as of
negligible effect when one considers Behnke's value (19%5a) of 0.0127 c.c. Nz/
CeCe Hao atmos. for the solubility of nitrogen in water. The formation of
& bubble of this inert gas would require complete desaturation of about 79
times its volume of surrounding fluid at the same tension. 4 more recent
figure given by Ikels (1964) is 0.01206 c.c. Nz/c.c. atmos. - equivalent to
83 times its volume of surrounding fluid.

Nims adopts what is probably the most realistic paremeter
of any theory by determining the development of a deformation pressure (d),
or the differential between bubble snd hydrostatic pressures likely to
distort nerve endings and give pain. The fundamentel nature of this
concept is emphasized by Roth (1959).

Quoting the experience of Immen and Saunders (see
section 4.12) who found a threshold mechenical pressure (6') for inducing

pain identical to bends by injecting buffered isotonic Ringer's solution,
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Nims proposes the following relationship for defining the severity (w)
of symptoms ass-
Wa K@ -d') where K is a constant.
Nims then edmits his greatest assumption in stating
that the rate at which members of a group develop symptoms is proportional

to W, expressing the result asi-

d e
e (Nw/N) = KBy - P'N)
where P is tie nitrogen tissue tension end By= P'y for d = dv,

This appears to be a step of Mathematical expediency
designed to arrive at a final expression in agreement with that derived

empirically by Lawrence end Hemilton (equation2), Nims quoting

S = ' ( (-k t)
T, = (E- -1)( exp(-k1 t) - exp(-F k1t)) + vk, t) exp(- 3

vhere ' = ke oPt/k1, k and k are empirical time constants and y_ =

oPN/oP % vhere OP % is defined as the tissue tension at zero time.
In relating the deformation pressure () to bubble

0
2

surfszce tension (Y), Nims quotes

tensions B , Pny » By and By, sbsolute external pressure (P) =nd
2

o *Eo +PH0-P-2Y/r

=P +P
N
2 2 2 2

where r is the bubble radius.

However, in the final integration for the development
of deformation pressure with time, the surface dimensions of the bubble

are assumed constant and the transient action of the elastic properties
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of the tissue is ignored. Moreover, the bulk modunlue is introduced,
only after integration.

The methematics seem unrealistic in view of the
practical fact that a bubble must change dimensions as its internal
pressure incresses relative to the hydrostatic.

In conclusion to this review of the published theories,
it was felt that the greatest criticism of most aporoaches lzay in the
interpretation of »lausible models into quantitative terms, i.e. in the
application of mathematics rather than any shortcomings ir the manipuletion

of equetions.
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CHAPTER 2
QUILINE OF THE PROJECT
The Object

Preliminary Calculations

The Vital Issues
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2,1 THE OBJECT

The object of this research is the elucidation of the predominating
physical and chemical processes involved in provoking marginal symptoms of
decampression sickness. For any appreciable contribution to be made in this
field, it is felt that the emphasis must be quantitative, any hypothesis
derived needing to be based upon fundamental physicel and physiological
Pparameters.

The ultimate product of the work should thus take the form of
mathematical expressions which determine whether present techniques are
optimal and, if not, the decompression format to be followed to enable a
diver to be returned to the surface in the shortest time guaranteeing safety.

The approach envisaged may be arbitrarily divided into the

following phasess-

1e Collection of the vast mass of literature on decompression
siclmess and development of a theme for its classification according to a
basic set of phenamena which range from same simple qualitative observations

to many sets of data requiring exacting mathematical analysis.

2o A critical review of this material fram a quantitative stand-
point. Many papers seem to have disczepancies between the written concepts
and the mathematical expression of these concepts. In too many cases,
mathematical manipulation would seem to be the unfortunate limitation to

sound theoretical reasoninge.
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3¢ The derivation of an hypothesis, its correlation with the
meny qualitative facets of decompression sickness, and its rigorous testing
using the large amount of data available upon practical diving experience

recorded in the literature.

2,2 FPRELIMINARY CALCULATIONS

Many of the criticisms of the existing theories stem from
restricted mathematical analyses of ideas which sound plausible. Consequently,
prior to atiempting to develop an independent approach, the following

modifications to published quantitative expressions were tried:-

1. Assuming an infinite spectrum of tissue half-saturation
times in the original Haldane approach requires putting k = k' in equation

L for the worst case under any conditions where

2
g—‘ﬁ) = 0, for which (j—f) <0
k=k' ¥/ =k

The resulting power equation defines the envelope curve to the individual
tension vs. time relationships conventionally plctted for selected half-

saturation times. - No improvement over the Haldane msthod could be detected.

2. Reversion to the original error function derived but not used
by Hempleman. Such functions are tabulated (Jahnke et al, 1960) and need

not be approximated to AJt, i.e.

% - P, z
TP1—_POT = exf (m)

where P = Po for t <0 and P = IE"| for t > O as derived later (Appendix 1I).
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This has been used to describe the transient tension distribution
perpendicular to the parallel face (z-direction) of Hempleman's tissue
slab which his quantitative expressions imply is of infinite thickness.

Only slight improvement in predicting conditions for non-stage dives were

cbtained.

3¢ Modification of the Hempleman approach to account for finite
slab thickness (2b) has been effected, the resulting equation also enabling

the peak total gas tension (Zp') to be determined froms-

2(2p'- P ) ‘ '
TR =eﬁ<b'z> + exf P...:*...E.)
2 Dt Dt

forP:Po for t <0 andP:IP1 for t > O, where the peak tension is

located at z' given by:-

2
<§2> = 0, for which (a_2> <0
2/ g2 022 /z=z!

Error functions are defined in Appendix II.

However, no ratio (Zp/P) of the peak tension (Zp') to the absolute pressure
(P), or fixed differentizl (Zp' - P),could be found which gave any correlation
for non-stege dives in any way superior to that afforded by the Rashbass
equation (9). This modification still retains the basic assumption that

all gas behaves the same as the inert gas.

4. Reversion to a radial diffusion model (section 5.54) has
resulted in similar failure to improve correlation upon the supersaturation

concept. Radial peak tensions (Zp') can be derived (section 5.%) as:-
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(E'P"'Po) b (Jo(r'an)yo(aan)-llo(r'an)Jo(aan))exP(-aIth)
PP =1 =02 . 1))
0 (e )/3 (e ))*
where 9 . or ic 6—2'2 \I
(Eg)ﬂr' 0; for which ( Ar? /x=r' <O

and the roots :Otn are defined in equation VIII.
The above analyses proved most time-consuming and the negative

results disappointing.

2.5 THE VITAL ISSUES

The failure to obtain any camprehensive correlation of diving
data according to the published theories, or the preceding modifications
eliminating same of the more obvious objections, indicates that at least
one fundamental physical principle has been misapplied or remains
unrecognised. This would indicate the need for a thorough survey of the
many facets of decompression sickness and related physiological features.

Moreover, the foregoing review of published approaches would
indicate that the derivation of any theory of decompression sickmess,

capable of quantitative interpretation, must raise the following issues:-

SITE 1. The number of tissue types involved.
2e The site of symptom~=provoking bubbles within a tissue
type, e.ge intra- or extravascular, intra- or

extracellular etc.
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ALTNATT ARTTONL T z

MECIANISH e ihe physical mechanisms controiling separation of
the gas phase.

bes 4 physical mechaniam for forming gas emboli and their
mode of provoking symptoms.

Se The critical parameter best selected for predicting the
onset of such symptoms e.g. tension, bubble radius etc.

TRANSPORT 6. The driving forces behind the transport of each gas
within the body.

7s The process limiting the permsability of tissues to
each gas il.e. diffusion or blood perfusion or both.

8. Transport following decompression.

9 Any influences of cepillery and cellular gecmetry, or
the chemical composition of tissue, in determining the
transport model,

QUANTITATIVE 10. 4 final comprehensive set of expressions relating
THECRY fundamental parameters of the model to the external
oonditions,

11. Use of practical data to destermins oonstantas incepable

of direct measurement,
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THE SITE QF BUBBLES PROVOKING MARGINAL SYMPTOMS

3¢1  QUANTITATTIVE DECISIONS

3011  Symptomatology and pathology

Perhaps the most surprising feature in undertaking a
quantitative approach to decompression sickness is the remerksbly limited
assistance afforded by the symptamatology and pathology of this syndrome,
despite the excellence and popularity of such studies. Behnke (1951)
states that “the mechanism by which intravascular and possibly extravascular
bubbles produce symptoms is yet to be determined". In a very carefully
compiled summary of the etiology, Ferris and Engel (1951) emphasized the
association of bends with the locomotor system, indiceting that pein is
essentially physical in origin. This mechanical distortion of tissue by
bubbles may induce traumatic effects which cause secondary vascular resctions
in either contiguous or distal sites, thus accounting for the other symptoms.

The pathological approaches have been most comprehensively
reviewed by Heymaker (1957), from which "vast mess of material, he admits
that "nothing really pertinent to establishing a model or mechanism can be
extracted",

While there is seldom any doubt about the cause of death and
serious symptoms, any conclusions drawn fram observations of separated gas
in animals killed subsequent to decompression would appear to suffer from
one extreme disadvantage. This is the uncertainty in knowing which bubbles
produced pain, and in which of their many sites, they could provoke marginal
symptoms under threshold conditions.

Bubble size end frequency ocould be far outweighed by such tissue
factors as elastic modulus and the preponderance of nerve endings in their

ability to produce clinical manifestations.
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3412  Issues vital to any quantitative approach

The first essential in deriving a quantitative theory

for decompression sickness would seem to be the elucidation of the number
of tissue types, any one of which can be solely responsible for producing
marginal symptoms over a particular range of practical exposure to pressure.
This fixes the number of independent time and pressure functions to be
considered when forecasting limiting safety conditions.

The next decision in the formulation of & mathematical
model is whether bubbles provoking marginal symptoms occur intra- or extra-
vascularly and, if the latter, their probable location relative to cell
b'oundaries. The wide diversity in the selection of bubble sites and number
of critical tissue types adopted in the published theories, (section 1.6),
provides ample evidence that the solutions to these issues are by no means
obvious. However, it is felt that a detailed comparison of the many
qualitative biological facts and opinions with the more quantitative aspects

may reduce the extent of speculation.

5.2 THE NUMBER OF TISSUE TYPES INVOLVED

3.2 Autopsies

When decompression sickness is the cause of death,
autopsies seem to reveal bubbles in vessels and all except the highly
vascularised tissues. Their presence in the pial vessels of the spinal
cord, medulla and cerebrum of dead divers, was recorded as early as 1879 by

Leyden, 1900 by Heller et al and 1907 by Zografidi. Involvement of the
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shown by Haymaker (1957) whose review includes a summaxry of the reports of

post mortem examinations upon 12 fatal cases of aerial decompression.

3.22 Bubbles in sacrificed animals

Gas bubbles can be generally seen in most of the less
vascularised regions of animals sacrificed just before or after decampression,
explosive rates having been found necessary to produce lesions in such well-
perfused orgens as lungs, brain and heart (Hitchcock, 1951).

Gersh et al (194, 1%5a, 1946a) have preserved the
sites of bubbles by freeze~drying the carcasses of rats and guinea pigs as
soon as possible after killing them upon return to embient pressure. They
have demonstrated the presence of gas in agqueous tissue, but have found a
preponderance of bubbles in fat. Hill and Greenwood (1910) have described
the appearance of such lipid regions as "a foam". Gersh et al (1%44) found
a marked increase in bubble preponderance in fatter animals and decrease in
the survival rate of the fatter guinea pigs following decompression. This
supports similar findings in goats reported by Boycott et al (1508a).
However, applying the X°test to decompressed cats, Harvey (1951b) reports
no significenfcorrelation of bubble appearance with body weight, sex, total
fat or the lipid content of peritoneal, cmentel, popliteal or suboutansous
regions,

Gersh (1945b) reported bubbles in bone marrow followlng
severe decompression, corroborating much earlier observations by Twynam (1888)
of bone necrosis in calsson workers whose high incidence of chronic arthritus

has been attributed to repeated embolic injury (Bornstein and Plate » 1911).
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After decompressing excised rat tissue to 110 mm.Hg , Harvey(1951a), has
observed bubbles in comnective tissue, dorsal aorta, sciatic nerve, brain,
liver and in all other tissues examined with the important exception of
muscle. This corroborates the earlier reports of Boycott et al (1908a)
who could find no evidence for their presence in sleletal muscle, although
Bert (19%3) had previously observed them in intermuscular fascia.

Gersh et al (1944) could find no significant change in
muscle, liver, nerve, or blood from the heart when trying to detect gas by
density variation. Simultaneous microscopic exemination revealed no bubbles
in these tissues apart from a few in “some large accumulation of fat cells
in a fascial plane“ of muscle. However, a marked density change was observed
in tendon - an effect which Gersh and co-workers related to the lipid content
which was found to vary from 9.06 for lean to an average of 13.1% for fat
guinea pigs. In a later article,Gersh (1945b) described finding gas
bubbles praminently displayed in the long tendon near the ankle joint.

Gersh (1946b) found that those occurring in fat and connective tissue were
indistinguishable when he attempted to locate bubbles in decompressed
guinea pigs by X-rays.

While many more references could be quoted in support of
the above trends, special attentiop has been paid to the work of Gersh and
co-workers whose practical technique tends to delsy the formation of bubbles
by putrefaction. This uncertainty canmot be overlooked in view of the rapid
rise in the CO2 concentration of tissue after death - as demonstrated in

frogs by Blinks et al (1951), and in rats by Harris et al (1945a).
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5¢23 Physiological elimination

Several physiological features can be invoked to reduce
the foregoing list of anatomical sites of observed bubbles to those where
marginal symptoms may be initiated.

Considering depot fat, Behnke (1 951) described the improve-
ment in decompression limitations upon changing from nitrogen to helium, for
long dives, as far less than would be suggested by the corresponding 511
reduction in lipid solubility. The data recorded by Duffner et al (1959)
indicated that the minimum depths for contracting symptoms are of the order
of 33' for air to 42' for breathing 8% He + 20% 0,. While much attention
has been paid to muscle, despite the repeated failures to detect bubbles in
such areas, another reason for discounting such tissue is provided by
Whitely and McElroy (1946). They heve shown that muscle deseturetes with
exercise during pre-oxygenation far faster than the rate of protection
egainst aerial symptams would suggest.

The remaining tissue types are thus tendon, comnective
tissue and intermuscular fascia, all recurring in reasonably close proximity
to each other at various parts of the body associeted with the locamotor
system.

Tendon has a structure of collagen fibrils whose high
elastic moduli would give the greatest local pressure differential for the
same quantity of separated gas, and wl';ose structure would permit movement of
such entrained ges under mechanical stimulus. This could account for the
common experience that bends pain can often be transferred to an edjacent
site by messege (Lund et al,.19%45).
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Although providing a strong indication, the above
discussion does not positively identify any one particular tissue type

as responsible for marginal symptoms.

3,24 Selection of single tissue concept.

While Rashbass (1955a) has given the theoretical basis
for a diving experiment to distinguish between a single and multi-tissue
theory, its execution upon goats by Hemplemen (1961) proved inconclusive.
Detziled discussion of their findings is seriously curtailed by omission of
the vital graphs, but failure to reach a decision upon this most difficult
issue seems to stem from the uncertainty in knowing the best mathematical
expression to describe the response of any single tissue.

The writer tekes the view that whenever one tissue
supersedes another as the closest to its respective threshold for provoking
marginal symptoms, there should be a discontinuity in the parameters
defining safe decompression limits. Since each tissue must have its own
time response to be effectively different from the others, a change of the
one most critical must result in a transition point in the plot of experimentally
determined conditions for minimum safety. Selecting pressure and time as the
two parameters most sensitive in determining proximity to marginal symptoms,
no discontinuity could be detected in the plot of the limits of depth versus
exposure time for safe non-stage decompressions. Such plots investigated
include the diving date recorded by Van der Aue (1951) and Albano (1960) for

air, and by Duffner et al (1959) for He/O2 mixtures.
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In the gpparent absence of any more convincing
evidence to the contrary, the writer has therefore decided to adopt the
concept of attributing marginel symptoms to the bubb]les present in ONE
tissue type only. However, the ultimate assessment of the validity of
this decision can only be obtained from the correlation attained in the

final analysis of practical date upon such a basis.

3¢5 INTRA-vs. EXTRAVASCULLR SITES

e General review of opinions
The next step in devising a realistic mathematical

model is the determination of the site of the separated gas provoking
marginal symptams. The clinical significance of such a finding is well ex-
pressed by Behnke (1951 ) who states that "the matter of bubble locaetion ib of
the greatest importance since, if bubbles form extravascularly in nexvous
tissue, any decompression holds the probability of serious consequences®.

The first question to be answered would seem to be
whether such potentially dangerous bubbles originate within the cardiovascular
system. Diving and aseramedical authorities seem to be roughly evenly divided
upon this issue, to which the symptomatology offers no immediate solution.
Thus Ferris and Engel (1 9% ), describing the development of bends from their
considerable experience, state that “pain begins in periarticular tissues,
gradually radiating and extending distally along the shaft of a bone,
gererally it appears to follow neither nerves nor arteries®. However,

observing 16,293 exposures of 6,566 men to an altitude of 35,000
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Stewart et al (19%3) claim to have found some evidence for pain following
a particular vasculerity in certain instances.

Many experiments have been devised to try to settle the
question by examining the circulating blood of decompressed living animals
using such techniques as the lucite calvaria, as described by Sheldon and Pudenz

(1944), for observing the cerebral blood vessels of decompressed monkeys.

3¢32 Circuletion in decompressed animals

The first bubble observed in a living animal was
probably that seen in the eye of a viper decompressed by Robert Boyle
in 1670, using his nevV-ly-in\;ented vacuum pump.

Soon after the realization of decompression sickness,
Hoppe-Seyler (1857) recorded that bubbles were more commonly, and sometimes
exclusively, seen in veins rather than arteries. Bert (1943), making
similar observations upon animals, attributed this to the lower hydrostatic
pressure of venous blood. More recently Whitely and McElroy (1946) have again
demonstrated that bubbles are most abundant in veins - especislly those from
muscle. A greater preponderance in vessels draining muscle were the sites
from which Blinks et al (1951) recorded the sudden appearance of bubbles,
after a varisble induction period, following the decampression of rats or
rabbits to a pressure simulating an altitude of 50,000'.

Behnke et al (1935b), describing the events succeeding
the rapid decompression of dogs from 60 p.s.i., have first noted bubbles
circulating rapidly through cutancous arteries and veins, and gradually
increasing in size with simultansous slowing of the circulation until it

eventually stops. A similar movement of bubbles has been noted in the pial
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blood vessels of cats by Wagner (13i4), while bubbles in the vena cava of
4 out of 11 of them decompressed to 110 mm.Hg in the anaesthetised state
are recorded by Harvey (1951b). The latter author reported the occasional
occurrence of bubbles in the humour of the eye, cerebrospinal fluid and
anniotic fluid of resting, deeply-narcotised rats, cats and dogs returned
to ambient pressure from 103 p.s.i. (gauge).

The initial appearance of bubbles in the veins draining
tissues associated with the locomotor system would seem significant in view
of their greatly increased prevalence and reduced time of appearance with
exercise. This has been well demonstrated by the correlation of intravascular
bubble appearance in bull frogs and rats with the extent of muscular activity
- as induced by the 2-6 volt electrodes used by Whitaker et al (1945).

Although bubbles have been frequently observed in the
vascular system this dces not settle the question of their origin. If
their genesis occurred extravasculerly, lesions in the vessel walls should

be revealed under careful microscopic examination of the dead tissue.

3033 Pathological Evidence

The autopsies of divers in which decampression sickness
was the cause of death usually reveal bubbles present both extra-and intra-
-vascularly (Hill, 1912). Such bubbles in blood, following ciroulatory )

collapse, have been attributed by Romano et al (1943) to stagnation, their

presence in peripheral vessels being a secondary or late manifestation of

decompression sickness.
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Exeminations of sacrificed animals have tended to show
similsr findings for decompressions with less severe consequences. Since
the early demonstrations of bubbles by Hoppe-Seyler (1857) and Bert, the
greater ease of observing intravascular bubbles, particularly in living
animals, has tended to favour such sites. The term " gercembolism® was
thus introduced by Armstrong (1939) to indicate that the origin of high
altitude symptoms is the occlusion of blood vessels by bubble emboli.

His observations have revealed no change in Irabbits but many bubbles on

both sides of the capillary walls of sacrificed goats. Similar findings

in guinea pigs were described by Gersh and Catchpole (419%1) For decompression
from posi\tive gauge pressures.

Blinks et al (1951), dissecting electrocuted rats whose
carcasses had been subjected to a simulated altitude of 50,000' for 10 mins.,
found that 4 were free of vascular bubbles. These were found in only the
venous system of the remaining 6 out of 10 animals resting before death.
Violently exercising 12 rats before electrocution, they found only one to
be free while the other 11 had bubbles in arteries, veins and heart - often
profuse. Such findings are somewhat contrary to Harvey's failure (1951a) to
detect bubbles in the vascular systems of 8 cats decompressed from 6-8 to
2~3 atmospheres.

Boycott et al (1908a) concluded that areas of necrosis
in the spinal cord were caused by extravascular bubbles originating from
the release of excess lipid-soluble gas.

Reverting to the question of whether the genesis of
intravascular bubbles is extravascular, autopsies of dead rats performed

by Blinks et al (1951) have indicated that they originate in appendages



62,

or vessel walls. However, pulronary haemorrhage has been reported by Gersh
and Catchpole (1951) as occurring irregularly with decompression in rabbits
but regularly in other animals = rarticularly with explosive decompression
(Berg et al, 1943, and Smith, 1942). This supports the view of Leyden (4 879)
who postulated that expanding extravascular bubbles may cause vascular
congestion resulting in haemorrhage. This has been actually observed by
Chase (1 934) and Tureen and Devine (4936). The haemorrhage and vascular
distention frequently associated with extravascular gas, has been reported
by Gersh and Catchpole (1 9% ) who mention the slternative explanation that

intravascular bubbles may be responsible for the rupture of blood vessels.

343k Origin of bubbles

The theory of bubbles of extravascular origin appearing
in intravascular sites by the laceration of cell walls is certainly consistent
vith their decreased time of appearance with exercise as recorded by Harvey

(1 9% b), Harris et al (4 %5) and Blinks et al (19%1). More conclusive
support for this theme is provided by the considerable increase in rapidity of
observing bubbles where tissue is likely to have suffered mechanical demage .
The latter hgs included applying a tourniquet (Blinks et al, 1 9 ) or freezing
one leg of a frog (Berg et al, 1 %5), crushing the legs of cats (McElroy et
al, 1%ka) and forcibly stretching, pounding or vigorously Jerking a cat's
hindleg (Harvey, 19 D).

More significant than any evidence described hitherto
would seem to be the experiment conducted by Behnke and Shaw (4 937).

Decompressing from 60 p.s.i. (gauge) they found that dogs were really
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sick, displeying rapid shallow breathing and halting circulation, by the
time that bubbles were seen moving through cutaneous arteries and weins.
Thus it would appear that symptoms become manifest long before the bubbles
attain sufficient size to rupture vessel walls. Moreover, Behnke(1945a)
describes numerous experiments in which quantities of air have been
intravenously introduced into dogs without any ill effects - showing that

bubbles can exist in the blood stream without causing symptoms.

3.35 Selection of extravascular site
While the foregoing discussion would tend to favour
bubbles originating in extravascular tissue, more conclusive proof is

provided by the following points listed by Ferris and Engel (1951).

1. Cases with marginal symptoms of decampression sickness show no signs
of local cyanosis, pellor, or temperature change suggestive of
defective blood supply resulting from the occlusion of vessels by

bubbles.

2. Bends are quite unlike anoxic pain which is most acute during

recovery.

3. The symptoms produced by injecting sufficient air into veins are

very different to those of decampression sickness.
L., X-ray studies reveal that gas seldom follows a vascular distribution.

5. Local recompression of a bends area will relieve pain -« even at

pressures high enough to occlude blood flow.
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6. Pain can re-occur in the seme site up to 4~6 hours after recampression,
indicating that bubbles have not been swept away by the circulation

despite their reduced size.

The latter would appear to be the most conclusive piece
of evidence considering the observations of Chase (1934) who found that
bubbles were only able to penetrate beyond the arterioles of greater diameter.
A decision being necessary at this juncture s the writer considers that the
evidence indicates that phase separation does not originate in the cardio-

vascular system.

The single-tissue mathematical model thus progresses
to one in which the bubbles provoking marginal symptoms are located in

extravascular sites.
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MECHANTSM OF DEVELOPING SYMPTOMS

hket  THE MARGINAL CONDITION

le11  General

Since this work is aimed at providing a more realistic
quantitative definition of conditions for marginal symptoms, it would appear
desirable to elucidate this critical state in more detail before discussing
the possible physical mechanisms involved.

The data quoted in section 1.21 illustrate the overvhelming
predominance of bends as the major clinical manifestation of decompression
sickness. While much attention has been paid to the etiology of other
symptoms, it would seem reasonable to presume that the critical state, or

titration point of dives, coincides with the threshold for pain.

4e12 Physicel interpretation of pain

There would seem to be unanimous agreement in the
literature that the pain associated with decompression sickness, and indeed
many other syndromes, originates from the bending or some other distortion of
nerve endings. Whether such physical deformation occurs or not, there seems
little doubt that pain is closely associated with the ‘establishment of local
stress whatever mechenical form it may take. Such stress woruid be created
by formation of an extravascular embolism whose pressure differential
relative to the surrounding tissue, would provide the motive force for
deformation, and which would be retained by membranes preventing its
dissipation by gas expanding into the cardiovascular system. ‘ The latter is

campatible with data quoted in section 3.34 showing that appreciable
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quantities of intravenous bubbles did not provoke symptoms. The possible
expansion of extracellular bubbles by pressure transmission through the
lymphatic system is discussed later.

The body can stand a very wide range of external
pressure providing the hydraulic fluids can reach sll surfaces including
the middle ear and sinal cavities, Behnke (1951) stating “cerebrospinal
fluid and blood pressures not changing by as much as 1 mm. Hg" in vaerying
from an external 550 ft. s.wege to an equivalent altitude of 50,000 ft. On
the other hand, a very small differential pressure can cause excrucisating
pain. Such pain has been induced by Irman (1944;) and Saunders (1943) with as
litttle as 35 cm. (wege) transmitted by isotonic Ringer's solution via a fine
hypodermic needle., In 'tight' tissues they have just invoked pain by
applying differential pressures as low as 15 cms. (w.g.) irrespective of the

flow required to maintain those differentials.

4e13 Critical parsmeter

While most of the published theoretical spproaches
circumvent such basic issues, the foregoing discussion indicates that the
most relevent persmeter in determining the proximity to pain is the differ-
ential pressure (J) of the embolism relative to the surrounding tissue.
Symptoms should thus occur when ¢ exceeds a threshold value ('),

i.e. Bends if 6 > @' (1)
reverting to Roman numerals to distinguish equations derived as
intermediates to the final quantitative expression of the hypothesis

developed in this project.
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L1l Pressure differential and tissue mechenics

The establishment of a pressure differential must be
influenced by any mechanical interaction between the embolism and the
surrounding material. This mutual adjustment is apparently ignored by all
except Nims (1951) who states that "the importance of the elastic properties
of the tissues to decompression sickness cannot be over-emphasized® ) &
smaller bubble in a 'tight' tissue being capable of invoking the same pain
as a larger bubble in a 'loose' tissue.

While, in full agreement with this statement, the
writer disagrees with the subsequent development of the theme advanced by

Nims for the reasons stated in section 1.67.

be15 Quantitative development

If v is the volume of the embolism formed in s micro

tissue region of volume V, then from the definition of bulk modulus (X),

G = %

If K refers to the critical tissue type, combination

with equation I indicates that pain should occur ifs-
% > & (11)

Since K decreases with ease of deformation the
critical value of v must increase, equation II thus providing a quantitative
re-iteration of the above statement compering the susceptibility of 'tight!

and 'loose! tissues.
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Before proceeding further, it would seem wise to test the
feasibility of this approach numericslly. The critical value of v/V is
derived from dive snalyses in section 8.65 as v/V = F_ = 0.00525 for the
most susceptikcle individuals. However, Imman and Saunders quote a range of
10-15 mm. Hg for the minimum pressure differential required to induce pain
in various individuals by their fluid injection method (section L4.t12). For
the most susceptible individuals, this corresponds to ¢' = 1,33 x 10*
dyne cm 2.

Hence equation II gives the bulk modulus as:-

2

K=6"/F, = 2.53x10° ayme an 2

Since tissue in limbs is essentially unbounded by
rigid surfacess-= K= M/3
where M is the elastic (Young's) modulus.

Hence for the weakest individuals, kia 7.6 x 10° dyres

Values of elestic moduli for tiasues seem to be very
scarce, but Abbot and Lowy (1958) quote a range of 3.5 x 10° = 8 x 10°
dynes cm 2, for smooth muscle. Since higher moduli imply greater susceptibility
it is regarded as most significant that, from data derived from the weaskest
divers, equation II should predict a value of M within 5% of the upper limit
of the experimentsl range. However, the practical values refer to smooth
muscle and need not coincide with those for the critical tissue type.

While the above calculations cannot be offered as
quantitative proof of equation II, they illustrate that the approach is

feasible numerically.
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L4e16 Variation in modulus

The uncertainty in knowing which is the critical tissue
type renders it very difficult to obtain any practical correlation between
bends incidence and critical tissue modulus. However, there is an indirect
means which obviates the need for positive identification.

Hallock and Benson (1937), and several later groups,
have found a marked increase in the Young's modulus of the human aorta with
advancing age. The results of this would indicate a roughly linear relation-
ship for stresses of the order of 15mm. Hg consistent with pein (section
4415). If the same overall effect occurs elsewhere in the body, then equation
II would predict increasing susceptibility to decompression sickness with
advancing age - a relationship which would be linear if the last-quoted data
are paralleled in the critical tissue type.

Such a prediction is in direct agreement with the practical
data guoted in section 1.32. Moreover, Gray's linear relationship between
bends incidence and age would tend to confirm the direct proportionality
between 6* and K which forms the basis of equation II.

The latter expression would thus seem to represent a
form for expressing the threshold of pain which is both dimensionally and
numerically feasible.

While small differences in the mechanical properties of
their critical tissue types can account for the differential susceptibility
of otherwise identical individuals, equation II indicates that one of the
major variables in determining proximity to pain is the volumc of the

embolism.
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417 Eommation of the embolism
Before attempting to express v in terms of measurable
parameters, it would seem essential to determine the predominsting mechanisms
for its development. These may be any of the physical processes underlying
the four possible stages of formation of an embolism at a point in the
critical tissue during decompressicn or at any subsequent time. Postponing
discussion of the secondary secular effects of gas transport in solution,

such stages may include:-

&Ae Saturetion, the hydrostatic pressure being lowered until it reaches
the totsl tension of all volatile substances present at the point

considered.

B. Supersaturation, by further decompression beyond this equilibrium state,
until nucleation conditions are reached and phase sepsration is

C. Transfer of volatile substances in excess of saturation fram solution

into the gas phase.

D. Coalescence, or congregation, of the emerging gas with that separating

at adjacent sites.

At this stage the writer is anxious to avoid the
popular term of "bubble" which presumes a specific geometric form.

While 'A' is the undisputed first step in the development
of pain, the above enumeration provided a convenient preliminary classification
for the published theories reviewed in section 1.6. All published theoretical

approaches incorporate 'B!' = if only for the apparent mathematical necessity
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of providing a driving force for inert gas ventilation after exceeding
equilibrium conditions. However, the rate-limiting step is taken as 'C' by
Nims and an experimental 'in vitro' combination of 'B' and 'C' by Bateman
(section 1.67). 'D' does not seem to have received consideration.

In view of this overwhelming emphasis upon critical
supersaturation (or nucleation) conditions as the "trigger point" to
eventual symptoms, the first step in elucidating the true mechanism should
thus be an analysis of the whole question of suspended transformation. This
comprises all cases where there is a delay in the appearance of a new phase

required for the system to revert to its most stable thermodynemic state.

Le2  SUSPENDED TRANSFCRMATION IN VITRO

4e21  The Issue
The first vital issue is whether conditions for

separation of the gas phase coincide with those for the thermodynamic
equilibrium or not. While the quantitative expressions of the published
theories make the implicit assumption that supersaturation can exist at all
points within the critical tissue, relatively few have tried to provide
experimental justification. Notable among such work are the much-quoted
papers of E. Newton Harvey who was primarily concerned with the popular
and controversial issue of defining the nucleation point quantitatively.
This includes whether the limits of supersaturation in vivo are better
described as the original Haldane ratio or a fixed tension excess - as used

quantitatively by Rashbass (section 1.65).
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However, the writer could find no reference in the
literature upon decompression sickness to a third possibility that nucleation
is random, the idea being presumably dismissed as irreconcilable with the
conventional mathematical treatment of bloodstissue exchange.

It is this third alternative which would seem to warrant
further pursuit in view of the statistical approach adopted by most disciplines
concerned with the general phenomenon of suppressed transformation. The
latter refers to any instence where a phase change may not occur immediately
the transition point is reached, the reluctence of a system to revert to a
more stable thermodynamic state tending to be greater when the required change
involves a decrease of entropy. For example, water will seldom freeze without
a finite degree of supercooling, while no report could be found of ice having
been superheated to above 0% at atmospheric pressure.

Although the net energy requirement is included in the
latent heat, there is a greater ermergy barrier associated with performing the
work of orientation needed to increase the order of a system and thus decrease
entropy. Such reasoning applies to bubble formation by decampression to the
extent that gas phase separation partially seggregates volatile from non-
volatile molecular species.

While the theories for initiating a phase change would
constitute a most interesting digression, studies of decompression sickness
are solely concerned with whether the new phase required by the most steble

thermodynamic state is established or not - whatever the mechanism of

formation.
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Examples of suppressed transformation include:-
1+  Solid-solid transitions, where the appearsnce of a more stable
polymorphic form may be suspended almost indefinitely, e.ge
allotropic changes in phosphorus with temperature.

2. Partially miscible liquids, where tempersture change may
cause the system to exceed the limits of miscibility.

3¢  Gas-liquid transitions include the superheating of liquids
beyond their beiling point and supersaturation by decampression.

4o  Liquid-solid transitions including both freezing of & pure
liquid and crystallisation of a solute from solutions super-
saturated by cooling or solvent evaporations

Since the latter example was the first to receive
extensive attention, its selection for initial considerstion provides a

suitable historical introduction of the terminology relevant to suppressed

transformation.

k.22  Suspended sppearance of a solid phase
Ostwald (1911) was probably the first to propose the

existence of the three regions of concentration which constitute the basis
of all "limited supersaturation®theories of decompression sickness.
Primarily concerned with the supercooling of solutions of solids in liquids,
he lists these regions as follows:-

1+« An undersaturated region extending to the saturation limit
in which no crystallisation can occur.

2. A metastable region on the other side of the saturation curve
in which seeding is necessary for crystal deposition.

3e A labile region in which the phase change occurs spontaneously,
being separated from the metastable region by a well-defined
line known as the 'metastable limit'.
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Miers (1927), summarising his earlier work with Isaac
(1906,~7,-8), supports the existence of a metastable limit which he represents
as a degree of supersaturation almost constant with respect to temperature.
However, he found that careful protection against contamination or mechanical
shock was necessarye.

De Coppet (1911) strongly criticizes the theories of
Ostwald and Miers on the basis of his own experimental results. These show
that phase separation can occur within their postulated metastable region,
the probability increesing with the degree of superseturation.

Further discredit to the idea of a metastable limit is
contained in the results of Young et al (1911, 191 3) in their investigations
of the effect of mechanical stimulus upon crystallisation. Supplying the
appropriate amount of mechanical energy,they found that nucleation could be
induced anywhere in the supersaturated region which they concluded to be
effectively labile.

More recent work by Ting and McCabe (1934) and Preckshot
and Brown (1952) show that nucleation occurs throughout the metastable region,
even under static conditions, if sufficient time is allowed. The final
statistical interpretation of nucleation is well illustrated by McCabe and
Smith (1956) as a probability curve. Ross (1938) emphasizes the similarities
between nucleation and chemical reaction, expressing the energy barrier for
initiation of the solid phuase as an activation energy.

The writer's overall conclusion is one of small yet
finite probability of nucleation occurring within the postulated 'metastablet
zone of liquid=solid systems. Similar conclusions are reached by Smoluchowski

(1952) in his discussion of solid-solid transitions.
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4,23 Some theoreticel aspects of cavitation

Reverting to the suspended appearance of a vapour phase,
a mechanical balance across the gas-liquid interface would indicate that a
bubble is in equilibrium with the surrounding fluid ifs-

ps+pg=P+2Vy (11)

where P is the absolute ambient pressure, Py is the vapour pressure of the
solvent at that temperature, pg is the tension of the entrained gas in the
solvent, Y is the surface tension of the solvent and y is the bubble radius.

If we now consider a small pressure fluctuation within
the system, a small decrease in P would be enhanced by a corresponding
decrease in 2Y/y and would result in the bubble being unsaturated with
respect‘to the surrounding fluid. Growth by acquiring gas from solution
would further reduce the value of 2Y/y, increasing the tension differential
between the phases and so promoting further growth. A bubble expanding in
an infinite continuum of liquid would thus continue to grow indefinitely.

For an increase in P, relative to the equilibrium state
defined by equation 11, the compression should cause y to decrease. This
would further increase the tension excess (P + 2Y/y - Py - pg) of internal
vapours over the surrounding fluids and cause more gas to dissolve. The
effect should !snowball' resulting in the eventual disappearance of the
bubble. This is described in more detail by Epstein and Plesset (1950).

A gas bubble in an infinite continuuh of liquid is thus
dynamically unstable, the critical radius (yc) differentiating between
disappearance or indefinite growth being derived by the application of

Boyle's law to the vapour in the cavity. Eisenberg (1961) quotes:-
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¥,

P“__ps=cons'l: _yﬁ (12)
c

Thus Dean (1344) calculates the critical radius for a
bubble in water at 20°C as 1.42 microns.

It is felt that such a criterion is highly relevant to
decompression sickness where it is important to know whether separated gas
constitutes a steble phase or not.

However, discussing the mechanism of phase separation,
Eisenberg (1961) states that it is now the geperally accepted view that the
inception of cavitation in technical fluids is associated with the growth of
nuclei (submicroscopic in size) containing vapour, undissolved gas, or both".
In differentiating between the latter, Strasberg (1956) introduces the terms
"vaporous" and “gaseous™ cavitation, a nucleus which grows explosively
containing mostly vapour. Lower rates of pressure change enable bubbles to
grow by the slower diffusion of gas. Noltingk and Neppiras (1950-51), using
ultrasonic techniques, showed that the true vaporous cavitation process has
only a slight dependence upon the duration of decompression.

Quantitative theoretical treatments probably began with
determinations of the fracture strength of fluids such as Frenkel's (1939)
estimate of the force required for the simultansous separation of all atomic
bonds cutting a plane surface. However, these proved many orders of magnitude
greater than those found experimentally.

Such hypotheses have tended to be supersedsd by those of
a more statistical nature, a classical approach being that of Flrth (1341)

who derives the probability distribution, W(y), of hole size from an equation

of state for liquids asi-
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W(y) dy = C exp(-U/1kt)y® ar

where. the probability, W(y).dy, that the radius, y, of any hole lies between
y and (y + dy) is a function of the energy of formation of the hole, U, its
radius and the temperature. Equations of state used include those of BEyring
(1936) and Lennard~Jones (1937) who regard liquids as disarranged solidse

The energy barrier to formation of a spherical hole in a
liquid continuum, U, can be derived in terms of the work done against surface
tension and external pressure. Circumventing a more detailed description of
the Mathematics, such "hole theories" predict a labile region and a finite
probability of nucleation occurring within the 'metastable' zone. This is
camensurate with experience of solid-liquid systems as described previously,
and covers the case most relevant to decompression sickness which is that of

gaseous cavitation.

4.2 Condensation and vaporous cavitation

The formation of the liquid phase from vapour cooled to
the boiling point, and below, is possible anywhere within the supersaturated
region according to the general review of the subject by Pound (1952). The
! supercooling versus nucleation' probability curve given by Probstein (4 955)
for condensation is very similar to that for crystallisation. Moreover, most
theories have a statistical basis, including the widely-accepted treatments of
Volmer (1939) and Becker and Doering (1935) for steam.

The reverse process, suspended formation of the vapour
phase, may be observed whenever the vapour préssure of a pure liquid exceeds
the absolute hydrostatic pressure. This may be effected by either superheating,

decampression, or both.
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Using small clean capillaries, Kenrick et al (1924a) were
able to heat water to 270°C at atmospheric pressure, the vapour pressure at
this temperature being 54 atmospheres.

The alternative method. of supersaturating by decompression,
has enabled same remarkable negative pressures to be recorded. These are
often designated 'tensile strengths', values having been obtained under both

static and dynamic conditions by a wide variety of methods. They are listed

in Table 4.
RECORDED 'TENSIIE STRENGTHS' OF VARIQUS LIQUIDS
gig;;h Liquid Reference Method

300 atmospheres water Bethelot {1 8503"' static
L.8 ) water Reynolds (187c¢ dynamic
30 o water Meyer (1911 static

Lo " ether Meyer (1911 static
150 = water Dixon (14 static

207 " cell sap Dixon (1914 static
2.38 " water Vincent (1941, static
2.9 o mineral oil Vincent 31 9¢+1§ static
2.9-114 " mineral oil Vincent (1944 static
100-1,000 ® water Harvey (1944) static
0.8 A water Dean (1944) dynamic
100-200 ® water Pease & Blinks (19%7) static
280 Ny water (10%) Briggs (1947) dymamic
20 " water Willard (1953) ultrasonic
200 # water Galloway E1 99,) ultrasonic
140 # benzene Galloway (1954) ultrasonic

TABIE 4

%Quoted and checked by Meyer and Dixon using the same method.

The variation of the values quoted in Table L4 needs no
coment. However, most authors tend to emphasize their highest reading, often
making no mention of other runs failing to reach the maximum. While this

would seem quite acceptable in attempting to determine the 'fracture strengths!
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of linuids, their frequent quotation in support of limiting superasturation

4 i T

theories of decompression sickness would seem of little value in deciding
whether the implied metastable limit exists or not.

The writer feels that any threshold for phase separation can be
greatly influenced by the results one is prepared to discard as
affected by chance contamination, the whole study of suspended
transformation suffering from the extreme disadvantage of never
knowing with certainty when this has occurred. The same drawback
is particularly applicable to gaseous cavitation.

4.25 Gaseous cavitation

Pundamental approaches to gaseous cavitation have been
similerly directed towards determining the probability of forming a nucleus
of criticael radius as a result of random thermal fluctuations within the gas
solution. BSuch kinetic predictions have tended to agree with the maximum
values of fracture strength recorded experimentally - Harvey (1951a), and
Temperley and Chembers (1946).

These very high supersaturations may be attained by
pressurising the solution, isolated from any gas phase, to well above the
total tension of undissolved substances. The technique is well described by
Pease and Blinks (1947), Harvey (49%1a) finding 30 mins. at 16,000 p.s.i.
most effective. Many authors, including Willard (1953), have attributed
this 'memory' for past high pressures to the presence of undissolved
bubbles in normal liquids. Quantitative expression is provided by the
following hypothetical equation proposed by Strasberg (1956):-

P, = i1 P = 12.Pu

c

where Pc is the critical pressure for cavitation, p is the gas tension,

Pu is the maximum external pressure to which the liquid has been subjected, and
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i’ amd:i.2 are constants where :’n.2 + 1 >i’ >iz>1'

In all this work, extreme care must be taken ageinst
contamination or mechanical shock, the preparation of containing surfaces
usually following the procedure originally outlined by Tomlinson (1867, 1873).

Kenrick et al (1924%) were able to saturate water with
oxygen, nitrogen or carbon dioxide at 100 atmos. and then reduce the pressure
to 1 atmosphere without producing bubbles. Decompressing by thermal con-
traction, Clare (1925) saturated water with carbon dioxide at 250 atmospheres
and, upon decampression, sometimes obtained a cloud of fine bubbles.

Genersating a 'nuclei-free' supersaturated solution of
002 by mixing ultra-centrifuged solutions of M.Namos and M.HC1, Harvey

(1951) admits that a few bubbles have been observed.

L.,26 Random nucleation

In attempting to account for the general lack of
reproducibilit& by performing each decampression twenty times, Strasberg
(1956) found a lirear relationship between dissolved air tension end the
‘critical inception pressure'! for cavitation in water. By extrapolating
these results, and those of Blake (1949), to a system at one atmosphere
absolute pressure, the mean tension for nucleation would be 1.65 atmos. of
air. 1.65 is appreciably less than any value of the decompression ratio
based upon eir (R/x in section 1.6) quoted in the diving literature,

However, there is a wide scatter of the 30 points through
which Strasberg draws his line, the worst deviation being L% on a tension

basis.
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When it is realised that each of Strasberg's points
represents twenty determinations, the distribution of the individual
readings should be far greater. This would imply that the cavitation of
dust-free water, without previous pressure treatment, is a very random
process. Unfortunately Strasberg does not publish his individual readingse.

Such details are aveailable, however, for the work of
Crump (1949) who records his results for pumping both fresh and sea water
through a venturi nozzle. His graphicel representation of several hundred
readings, on the basis of air content vs. critical inception pressure,
indicates that cavitation is a very random process indeed. For sea water,
under such conditions, there is an apprecieble probability of nucleation
occurring for tension differentials below 90 mm. Hg. Crump found that
average critical inception pressures dropped markedly with increased
temperature, indicating that the Strasberg mean decampression ratio of
1.65 could be appreciably lower at blood temperature (3700).

However, when town water is run from a tap, or soda-
water is uncorked, the bubbles form at the surface reteining the liquid.
Hence it would seem essential to pursue the possible effect of phase

interfaces in 'catalysing' nucleation.

L,27 Cavitation at phase interfaces

There are very few instances in which bubbles have been
observed to form in the bulk of the fluid. The only cases seem to occur by
extreme decompression such as recorded by Clare (1925), or by generating

cavities ultrasonically, e.g., Wismer et al (1953).
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While Kenrick et al (1924b) do not state the site, and
Briggs (1952) could not be certain, Wismer (1922) reports that all bubbles
are initiated at the walls of the containing vessel. Moreover, Pease and
Blinks (1947) found it impossible to form bubbles in the bulk of the fluid,
concluding that a solid surface is the separation point.

While the theoretical implications of the micro-geometry
of the contairer walls has been discussed by Harvey (1951), the simple
explanation that they retain small pockets of gas which act as the embryos
for bubble growth, no longer seems adequate. Farncombe (1925) reports bubbles
forming at the surface of solids deposited from the same solution as the gas,
particularly upon those substances only wetted with difficulty by the solvent.
Since such interfaces have never been exposed to any gas, these observations
somewhat detract from the emphasis which the advocates of supersaturation
theories of decompression sickness place upon the sealed environment of
tissue fluids.

Harvey (1951) records that a paraffin surface always
bubbles profusely in soda water however well it is cleaned. Apart from
glass, or metal surfaces where galvanic action renders any findings irrelevant
to this project, very little information could be found concerning cavitation
at other phase boundaries.

In view of the finite lipid content of even the predamin~
antly aqueous tissue types, (Widdowson et al, 1951), the fat-aqueous
interface assumes greater importance. A4lthough it is a rather moot point
whether such direct interfaces exist in the body, any intervening membrane
could well supply the “organic skin" which Fox and Herzfeld (1954) postulate
as exerting such a vital role in stablising nuclei and hence promoting

cavitatiane
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If direct contact of the liquid phases is discounted,
the pertinent boundaries are again the surfaces of the retaining wallse
However, a membrane may be regarded as a gel and thus intermediate between
& solid and a liquid from both mechanical and chemical standpoints (Hills,
1962). Since a similar interpolation applies to its effect in promoting
cavitation in an adjacent liquid phase, there should be little doubt of the
response of a gel-liquid system to decampression if both liquid=liquid and
solid=-liquid cases behave similarly. While bubble formation in the latter
system has been shown to be random, no published information could be found
for the other limiting case.

Whether direct lipid-aqueous contact is postulated or
not, the relevant behaviour would seem to be that of cavitation at liquid-
liquid interfaces. The experimental progremme described in section 6.2 has
been undertaken to offset the apparent absence of published information upon
this system, the results obtained leaving little leeway for alternative
interpretation. They indicate that the formation of a stable gas phase at a
liquid=liquid interface is a random process, there being a significant
probability of the gas phase appearing for any significant degree of
potential supersaturation.

Reverting to a more quantitative approach, the most
relevant parameter is probably the energy barrier for phase separation at
a hydrophobic surface, which may best be assessed from a thermodynamic

analysis of the interface.
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428 Thermodynsmic considerations
At inception, the energy contaimed in a cavity by virtue
of its surface may be far in excess of that contained in the very small volume
of gas separating initielly. The energy berrier to gas phase initistion would
thus be determined by the free erergy change in creating the new surface. The

mirimum activation energy per unit area of cleavage is thus given byi-~

E = @F) = 2.@‘3)EL

aqueous
where (A'E‘)a is the Gibbs free energy change, per unit area, in creating a rew
interface between air and the agueous phase.

If the plane of cleavage now coincides with an oil=air

interface, the minimm activation ensrgy E' per unit area now becomes:-
t = -
B' = @F)1 pquecus = @F)+EF) -CF),

where (Ali‘)o and (AF)oa are the free erergies per unit area for the oil-air
and oil-agueous interfaces respectively.

The probability of gas phase separation occurring at the
oil~aqueous interface should be greater than that of nucleation within the
bulk of the aqueous phase if E' <E,

Continuing this argument parallel to the derivation by
Davies and Rideal (1963) of the Antonoff relationship for determining whether
one immiscible Iiquid will spread over another, the expression of free energies
as measurable parameters reduces the foregoing equations tos-

E' a o+ ¥ =Y, (13)
E o 2y (1)

i.es E' <E if Ya+Y°a-'Y°>0
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where Ya’ Yca and Ys are the interfacial energies for the air-agueous,
oil~aqueous and oil=air system respectively.
Using the following values quoted by Glasstone (1954)
for liquid paraffin and waters-
T, = 72.5 ayoe a
‘Yc') = 35.8 % W
T, =572 % %,
Ty * Yog = T = 97+9 dyme cm ‘s
Equations 13 and 14 gives= E oc 145 and B* o 47.1
More quantitative justification for this approach is
given in section 6.27.
Hence the liquid pareffin/water interface offers a

relatively low energy barrier for air separation from solution.

4.29 Conclusions

Whatever the mechanism of nucleation, or whether such a
process exists, the experimental facts indicate that the conditions for
reversion of a system in suspended transition to its equilibrium state can
only be treated on a statistical basis. The separation of the gas phase
from a solution supersaturated by decompression is a particularly random
process, average values indicating that the transformation is more probable
for the liquid components present in the body than for pure water. The latter
becomes evident when replacing Ya in section 4.28 by the value for serum which

Geigy (1954) quotes as 47 dyne cm '
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Most exponents of theories of decampression sickness
seem to have overlooked the vast wealth of cavitation research in meny other
fields when quoting little other than the work of Harvey. The latter has
emphasized his work in vitro on the grounds that the endothelial lining is
essentially hydrophobic. However, this presumes that nucleation occurs
intravascularly which is contrary to the conclusions of section 3.3. His
adherence to 'denucleated' systems is presumably based upon the fact that body
fluids have been hermetically sealed by membranes since conception. In
practice, they have undergone neither the extreme pressurisation nor the
ultracentrifuging techniques employed by Harvey.

Even accepting his approach, there seems to be no true
metastable limit for any aspect of suspended transformation, and no means of
predicting the nucleation point on any particular occasion. The writer
therefore regards the problem as transposed to one of deciding whether it
is more realistic to programme a dive according to the behaviour of the
statistical average or by choosing the worst possible micro-region of the
critical tissue.

Since living tissue need not conform to the frequency
distributions found for the ebove systems, the decision is better delayed

until consideration has been given to the results of cavitation in vivo.

4.3 CAVITATION IN VIVO

Le3 Resting animals
Research in this aspect of decampression sickness has

been largely directed towards determining the constant pressure ratio, or

fixed differential, which describes the limits of the implied metasteble zone
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characteristic of living tissue. Such investigators, mostly quoting
Harvey's work in vitro, almost invariebly assume that supersaturation exists
and that nucleation is the predominant mechanism in estimating proximity to
marginal symptoms.

Most experimenters have searched for bubbles in animals
killed immediately before or after decompression between various combinations
of initial and final absolute pressures.

One of the most comprehensive programmes in this field
employed cats, the results being recorded in a series of joint papers by
Harvey (1944, b, c), McElroy (1 9%4a, b), Whiteley (1944), Warren, Pease,
Cooper and Barnes. The results are sumnarised in table 5, and would seem
to offer convincing evidence that cavitation in vivo is a random processe.

BUBBIES OBSERVED IN RESTING CATS

Time at Initial Final Number Number
pressure (P ) absolute absolute of cats displaying
P 1 pressure (P') pressure (Pa) in trial bubbles

o0 1 atmos. 0.14 atmos. 37 L
- P " 11 1429
( 3¢5 B 1 y 18 9
( 3ak " 1 4 10 7
( 2.6y  ® 0.4 @ 10 L
2 = 5 hrs. 3 H 1 # 12 3
2.5 : 1 A 3 0
2.0 " 1 # 5 )
9 " 2 o 10 L
TABIE 5

Harvey waited 5,000 secs. before searching for

bubbles in several tissue types.
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The results in table 5 are in quite good agreement with
the general findings of Boycott et al (1908b) using goats and guinea pigse

Harvey (4951 a) has reported bubbles in all isolated
tissues decompressed to ambient pressure fram 'saturation' at 40-80 atm.

N . Employing his 'denucleation' technique of pressurising to 16,000 peseie
for 30 mins., yet not increasing gas concentration, the same author has still
found bubbles in all principal tissue types except muscle upon decompressing
to 140 mm. Hg.

Observations by Daly (4944 ), who has recorded occasional
bubbles in the tissues of monkeys, rabbits, and guinea pigs decompressed to an
equivalent altitude of 45,000', would again corroborate the random nature of
the results in table 5. The need to treat such experimental data on a
statistical basis is well illustrated by Harvey's use (1951 a) of the X
significance test in drawing correlations.

Results of the type recorded in table 5 would appear to
be limited in interpretation,since it is impossible to observe every part of
even one tissue type by microscope before autolysis sets in or the separated
gas is dissipated by diffusion. Thus it seems impossible to ascertain
whether animals in which no bubbles were recorded were truly free of cavities.
Any Jjustification for such doubts would tend to reduce the extent of
protection conventionally attributed to supersaturation.

Such pressure differentials would appear to be reduced
by stimulation, Harvey (1 9%5) having found that it is difficult to demonstrate
bubbles in any animal examined unless muscular movements have occurred. This

is pertinent to decompression sickness since divers are seldom resting at depth.
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Le32 Stimulated animals

Harvey (193 a), after applying 417 volt (60 c.p.s.)
stimuli for 0.2 seconds every second for 4,000 seconds following decompression
from ambient pressure to 140 mm. Hg , found that only 3 out of 26 cats
failed to show bubbles. Similar results were obtained decampressing a
further 114 cats to a simulated altitude of 35,000'.

By stimulating cats decompressed to ambient from positive
pressures, Harvey found bubbles in each of 23 which had been held at 3.5
atmos., 9/12 held at 3 atmos., 17/23 held at 2.5 atmos. and 418/23 held at 2
atmos. Applying the Xz test, he found a slight correletion with fat content
in resting cats, but nothing significant with respect to the extent of
stimilation. This is corroborated by earlier work upon goats by Boycott et
al (1908b).

Blinks et a1l (41951) describe the work of Harris et al
(1 945b) who have found bubbles in all of 3 bullfrogs exercised upon decom-
pression to ambient following 41 hour at pressures ranging from 5-60 p.s.i.
(gauge). Inducing muscular activity in rats by 545 volt (60 c.p.s.) A4.Ce
stimuli, they record a threshold pressure of 3 pe.s.i. (gauge) at which 2 out
of 5 gave bubbles just large enough to be observed with difficulty.

This pressure differential is much smaller than any
advocated in the semi-empirical methods conventionally employed for predicting
marginal symptoms (section 41.6). Moreover, the random nature of detected
bubble occurrence in both the resting and stimulated conditions, would suggest
that there is an appreciable probability of gas separating from solution in

tissue whenever equilibrium concentrations are exceeded.
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4«33 Histological considerations

It has been shown in section 4.28 that aqueous-lipid
interfaces are more conducive to cavitation on thermodynamic grounds. It
is therefore, interesting to consider the more specific location of such
sites within the body.

Both of the two tissue types, most likely to be
responsible for marginal bends (section 3.3), have an apprecieble content
of lipoidal material. Gersh et al (4 k&) record values of 8- 5% lipid
content in the lean tendon of guinea pigs, while the presence of isolated
fat cells in the predominantly-agueous connective tissue is illustrated by
faximow and Bloom (41 948a). The latter authors describe the increased
preponderance of collagen in tendon implying a high elastic modulus and,
hence, susceptibility to pain - equation II. Such deduction would depend,
however, upon the preponderance of nerve endings and their deployment.

Sensory nerve endings in striated muscle "are always
oresent in considerable numbers", according to Maximow and Bloom (1 %48b) =
appearing in the muscular tissue, tendons or at musculo-tendon Jjunctions.
The latter are the locations for "palisade-like" terminal branches for
nerve fibres which are present in both 'naked' and ‘encapsulated' forms.
"The physiological significance of the muscular and tendinous sensory
apparatus® is summarised by Maximow and Bloom as "their responsiveness to
verious peripheral stimuli of general character, giving sensations of pein,
pressure, and particularly of 'muscle sense'". From such qualitative
descriptions there would seem to be adequate sensitivity to pressure differ-

ential in tendon and its junctions with muscle fibres or connective tissue.
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Reverting to the search for likely phase bounda:;'ies, the
myelin sheaths of the ‘encepsulated' nerve fibres are predaminantly lipoidal,
camprising certain cerebrosides, phospholipins, fatty acids, but mainly
cholesterol (Maximow and Bloom, 1948b). Haymaker (1957) in his review of the
pathological evidence for decompression sickness, publishes photomicrographs
displaying fenestration in the myelin sheaths of the white matter in the central
nervous system. Fewer minute gas bubbles are recorded by Gersh and Catchpole
(1951). They attribute these occurrences to the higher solubility of nitrogen
in myelinated peripheral nerves.

It seems very difficult to ascertain whether the presence
of lipoidal material in aqueous tissue implies a direct fat-water interface.
However, such interfaces may occur within the membranes themselves. The basis
for these postulates is the more rapid transmission of campounds with a higher
fat-water partition coefficient as originally discovered by Overton and confirme
by many later workers including Staverman (1948) who defines a reflection
factor for each compound.

This has led to many theories for the structure of cell
membrenes in which lipid is a major component. Thus Danielli (4935) postulates
that the resistance to diffusion is provided by a bimolecular screen of
lipoidal material orientated with polar groups facing outwards end sandwiched
between monolayers of protein.

Since membranes have the mechanical consistency of a gel,
gas separating from solution at the phase boundaries need not necessarily assume
a spherical form at nucleation. Decompression could thus create films of gas
following the contours of ]ipid/a.queous-gel interfaces. Experimentsl evidence
for the formation of such films between olive oil end gelatin in vitro is

provided later (section §2.3).
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4.34 Conclusion to nucleation

While most authors expounding theories of decompression
sickness quote Harvey, with particular reference to his results with
denmucleated solutions, there is an almost total absence of any reference to
cavitation research in connection with fluid dynamics. The overall
impression, reached in section 4.29, that suspended transformation in vitro
is a random process seems equally applicable in vivo. Moreover, whether
induced by the possible presence of thermodynamically-preferable mucleation
sites or not, microscopic observations show that bubbles can be produced in
animals by pressure differentials far smaller than empiricel decompression
ratios would imply if limited supersaturation were the critical mechanism.

The statistical nature of the evidence collected in this
chapter would indicate that, while any tissue can probably retain considerable
supersaturation over most of its mass, the probability of finding at least one
highly nucleated micro-region is far too high to be ignored. If seeding was
sufficiently dense over such an area, equilibrium would be established rapidly
and maintaired for the remainder of the decompression and for some time
subsequently.

An isolated embolism formed from the gas in such a micro-
region is likely to create a rather greater local pressure differential than
might be expected from uniform nucleation throughout the whole tissue.
Moreover, the loss of all supersaturation in such areas would reduce the
rate of ventilation of gas to the capillaries since the driving force for
desaturation via the blood is the concentration gradient of gas remaining

in true physical solution.
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The writer comes to the conclusion that it is safest
to programme the decompression of the human body as though the critical
tissue type contained at least one micro-region in which there was cample te
thermodynamic phase equilibration at all points for all times. This poses
the problem of inert gas transport, which is so conveniently accommodated by
postulating supersaturation, and implies that pain-provoking emboli are

formed by the coalescence of separated gas.

Lol  COALESCENCE

L 4  Micro-bubble sites

Gas films following phase interfaces, or very small
bubbles grown from finely dispersed nuclei, can only coalesce to form an
embolism of pain-provoking dimensions if permitted to do so by the mechanical
boundaries present. Since the latter would be the numerous membranes, it is
important to know whether gas separates from solution in cells.

Blinks et al (1951) describe profuse intravascular bubble
formation upon decompressing rats to a pressure equivalent to an altitude of
50,000 ft., Harris et al (1945a) reporting considerable numbers in the
lymphatic system. The histological description of the latter system by
Maximow and Bloom (41 948c) would indicate that any embolism would have a
better chance of expansion than if contained within the confines of g cell
membrang .

Occasional bubbles in cells have been reported by Gersh

et al (1944), while Harvey (1951 a) reports finding them in fat but none in
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predominantly aqueous cells. The latter author finds that whereas bubbles
rarely occur on uninjured tissue surfaces decompressed to the water vapour
pressure, they are common in cut connective tissue.

However, more significant to the writer, is a remark by
Harvey to the efflect that bubbles could be readily observed deep in most
aqueous tissue if it were moved by a glass rod or the microscope cobjective.
Harvey, along with other proponents of the strain theory including Evelyn
(19 ), McElroy et al (194a) and Ferris et al (41 9%3a), attributes such
effects to the development of local negative pressures.

On the other hand, such mechanical actions would be
ideally suited to coalescing the gas deposited from solution in the physical
form described earlier. Such films or micro-bubbles in a cell would not be
detectable by microscope but, with relative movement, may well assume the
form described by Harvey as "large irregular masses which gradually change
into small round bubbles".

Harvey gives no indication of the speeds with which he
cut the connective tissue or moved his glass rod, but it would seem highly
unlikely that he could develop any appreciable negative pressure by wracking
back a microscope - particularly when even the 'tightest' tissues have
Poisson ratios (0) in the range 0.48-0.5 (McDonald, 41960). A fluid
has 0 = 0.5.

Most proponents of various forms of the conventional
supersaturation approach to decompression sickness do not specify the means
of formation of the embolism once their particular 'critical tension
conditions! are exceeded. No reference could be found in connection with

bends to the coalescence of anything other than haemorrahgic infarcts
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(Goodman, 1961). The latter is hardly relevant to the gaseous case. This
introduces the subject of the mechanical factors likely to influence the

onset of symptoms and the many explanations for their effects.

Le42 Negative mechanical pressure vs. coalescence

There seems no dispute in the literature over the fact
that stimulation of tissue greatly increases the probabllity of its displaying
visible bubbles - particularly within cells. Harvey (1951 La.) attributes this
to the augmentation of any external decompression by a superimposed mechanical
strain arising from muscle contraction. This is postulated to produce
vaporous cavitation, the cavities being subsequently filled with diffused gas.

Berg et al (19%45), Harris et al (1 9%45a), Henry
(1945¢c and 1 946), and Whitaker et al (1945) prefer to attribute the effects
of stimulation to the repid formation of COZ. However, Gray has shown
convincingly (section 4.44) that carbon dioxide has no significant influence

upon the incidence of bends, while Harvey (1951a) has performed a pertinent

experiment to dispel any remaining doubts. Harvey injected up to 1 c.c. of
denucleated N, lactic acid into the aortas of 17 cats, after which eight
showed bubbles in the vena cava upon decompression to 45,000 ft. Analysis
of jugular blood gave no correlation between GO2 tension and bubble production.
Blinks et al (1951) have found that violent muscular
exercise is much more effective in producing bubbles in bullfrogs if applied
during decompression rather then before. Harvey argues that the tension
differential inducing cevitation is greater in the former case, while the

parallel argument for coalescence is based upon the need for gas to be present.
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The many cases in which Harvey tries to induce cavitation
in animals by various mechanical means all seem to suffer from the disadvantage
that he looks for bubbles in the vena cava. Any injury would tend to break
membranes and enable extravascular gas to enter the blood. Such experiments
include inflicting 200 blows with a mallet, or stretching the hindleg of a
cat at a simulated altitude of 45,000 ft. = a slow forcible pull proving more
effective than jerking. In his experimez;t in which he induces bubble formation
in a cat's hindleg by crushing it in a vice prior to decompression, it is
difficult to see how such an essentially compressive force can initiate phase
separation. Repeating the experiment with a further set of 10 cats, post-
ponement of crushing until after decompression, reduced the time of appearance
of bubbles in the vena cava.

Harvey's results would seem better interpreted if
coalescence were postulated as the rate-controlling mechanism for gas
appearing in a detectable form.

Harvey's records show a very wide range of times to the
appearance of the first bubble, ranging from 5 seconds to over 1000. Such a
wide scatter of results is consistent with the random nature of coalescence.
Using 10 anaesthetised decompressed cats for each set of observations, Harvey
(41951b) found no appreciable difference in bubble occurrence whether applying
6 or 17 volt stimuli. This would indicate that the appearance of bubbles is
not a function of the mechanical stress induced, although a difference has

been noted if the experiment is performed after 32 minutes of pre~oxygenation.
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In view of the previous conclusion that limited super-
saturation is not the predominant mechanism in the worst possible case, it
would seem reasonable to assume that the gas liberated in such equilibrated

micro-regions form the pain-provoking embolism by coalescence or congregation.

4«43 Theory of coalescence

Ignoring gravitational considerations, any phase suspended
in another will reach its lowest energy form when its total surface energy is
a minimum. However, the interfacial area per unit mass increases the finer
the dispersion. The lowest energy state for gas dispersed in tissue must
occur when it has formed one bubble; the net energy change representing a
thermodynamic driving force favouring coalescence.

The kinetics, however, are far less direct. The first
requirement for two bubbles to merge into one is that they come in contact.
This indicates that coalescence is greatly accelerated by motion, although
the meeting of separate gas masses in tissue must be a somewhat random
process governed by internal membrane geometry. Muscle contraction and
elongation, would thus seem ideally suited to congregating any gas
initially deposited as films within the locomotor system.

Simple experiments with two bubbles at a water-oil
interface indicate that the number of collisions is the most significant
parameter, there being a roughly equal chance of effecting coalescence
upon each encounter. Such phenomena were more easily studied using mercury
globules on a clean glass plate. Results were not recorded on account of
the difficulty in defining a stendard collision, but there was little doubt
that the probability of two drops combining changed very little unless the

surfaces had collected dirt.
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Although Liebermann (1957) emphasizes the stability of
bubbles lying in juxtaposition, the reduction of total interfacial energy
may be effected by gas diffusion across the very thin liquid film which
often separates them. Since it is most unlikely that two bubbles meeting
in tissue would be of equal size, the smaller would have a higher internal
gas pressure by virtue of surface tension. This would provide a driving
force for diffusion such that the larger bubble would grow at the expense
of the smaller. Moreover, the process would be accelerated as the size
differentisl increased. Hence it is not a necessary condition that the
intervening £ilm should burst in order to combine the gas contained in two
bubbles.

Whatever the mechanism, congregation of gas into an
embolism within tissue is a process anticipated thermodynamically, but
kinetically dependent upon two random factors. Hence coalescence would be
expected to display a very wide scatter with respect to time, but to be
accelerated by any local muscular activity.

This is in direct agreement with the very variable
onset time of symptoms (section 1.25), and the marked reduction of those

times when the subjects undertook exercise following decampression.

4.5 THE WORST POSSIBLE CASE

Ls59  The postulated mechanism

The foregoing discussion indicates that initiation of
gas phase separation is sufficiently random that there is a very appreciable

chance of the worst possible conditions, i.e. maximum gas separation,
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occurring in at least one micro-region of the critical tissue type. These
zones would be so well seeded, with maximum diffusion distances for deposition
80 small, that phase equilibration is rapidly established at all points in
the vicinity. The growth of am embolism to a size where its differential
pressure is pain-provoking, is then effected by congregation, with possible
coalescence, of the separated gas - a random process accelerated by the
mechanical action of exercise.

While it might eppear that the various facets of
suspended transformation have been unduly laboured in coming to such a
simple conclusion, dispensation with supersaturation in progreamming dives
is a major departure from all fundamental theories of decompression sickness.
The development of a quantitative hypothesis upon this basis thus requires a

clear definition of the conditions for thermodynamic equilibrium.

452 Thermodynamic eguilibrium

Two conditions must be satisfied for a bubble and the
immediately adjacent liquid to be in thermodynamic equilibrium. These are:-
(i)  the bubble must be mechanically stable, i,e. the total of
all pressures acting upon the gas must equal the total of
the partial pressures of all volatile constituents, and
(ii) there must be phase equilibration, i.e. the partial
pressure of each constituent must equall the tension of
the same substance in the tissue immediately adjacent to
the bubble.
Hence the conditions for thermodynamic equilibrium at

that point are given bys-
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P+P +P,+P, = P+0+2A/y l(113[) "
where p, Pys P, and p,, are the point tensions of inert gas, 02, C(.)al a.nd -
water vapour respectively., P is the absolute pressure external to the
tissue whose elastic deformation (section 4.15) contributes § to the net

gas pressure. Y is the interfacial tension and y is the bubble radius.

4653 Surface tension

Whatever form the gas may take upon initial separation
from solution, it is the final congregated volume which determines the
proximity to symptoms. For the limiting case, the radius of the bubble
for the 'weakest'men is derived from dive analyses in section 8.65 as:-

¥ = 1.4 microns.

The role of liquid-liquid phase interfaces in
determining the frequency of gas nucleation has received much attention
in section 427 with particular inference to the presence of fat in vivo.
Lipids are known to be present as a bimolemlar film in most, if not all,
membrane s (summarised by Davson ,1964b), and hence quite widely dispersed
in even the predominantly-aqueous tissues. After helping to initiate the
gas phase, lipoidal material should continue to play a major role in
modifying the gas-tissue interface, so minimising the total energy of the
system. After reduction of the total interfacial area by coalescence of
the gas, the lipid film should correspond to the *condensed' condition,
which Davson (1964b) describes in some detail. Teking the transition point
in his curve for the condensed condition of a typical lipid as indicating
the onset of compaction of the film, the corresponding surface tension may

be read from his graph as:-
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Y = 17.9 dymes a5
Hence, using the above value of y, for marginal

conditions:= 2Y/y = 490 mm. Hg.

4.5k Conditions for phase separation

The finer the dispersion of gas, the smaller will be
the value of y and the larger the excess of total tissue tension over
absolute pressure needed for ¢' to exceed the critical value ' (equations
I and IIT). Thus 190 mm. Hg is the lowest feasible value of 2Y/y short of
pain, and hence the value permitting the maximum extent of phase separation
after coalescence.

Conforming to the concept of the worst case advocated
in section 4.51,the set of parameters most likely to induce symptoms are
thus:- 2%y = 190 mm. Hgy and § = & = 10 mm. Hg according to the
value found experimentelly for the weakest individuals by Inman and
Saunders (section 4.15).

Equation III would thus predict the condition for
phase equilibration following formation of a critical embolism as:-

p+po+pc+pw>P+200nnn.Hg. (zv)

From the above equation, it can be seen that determination
of the quantity of gas in excess of equilibrium requires quantitative
expressions for the tensions of all volatile substances with respect to
internal and externally-imposed conditions. This introduces the dimension
of time as a prime variable, posing the question of gas transport within
the body and elucidation of the most realistic mathematical model for its

estimation.
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51 GAS DISTRIBUTION

Sei4

The system

In assessing the response of extravasculaer tissue

tensions to changes in the inhaled atmosphere, it would seem essential to

consider each major step in the transport system. These may be briefly

listed as follows:=

1e
24

e

b

5

6.

Inhalation of the new atmosphere.

Dilution with exhaled gases in the alveoli.

Mass transfer with the blood by diffusion across the
pulmonary membrane.

The distribution of the resulting 'arterial' blood to the
capillaries, with its subsequent return to the lungs via
the veins.

Mess transfer between capillary blood and interstitial
fluid by diffusion and/or hydrodynamic pervasion of the
endothelial membrane by pericapillary filtrate.

Mass transfer between cells and interstitial fluid by
diffusion.

The volatile substances which can contribute to the

formation of an embolism are water vapour, oxygen, carbon dioxide and any

inhaled gas inert with respect to all chemical processes occurring within

the body. In the alveoli the partial pressure of water vapour should be

established at its equilibrium value for contact with plasma at body

temperature.
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While the three mass transfer operations are purely
physical in the case of the inert gases, the capacity of blood for absorbing
the metabolisable gases is considerably increased by the presence of red
cells. The subsequent chemical equilibrations of the oxygen-haemoglobin=
carbon dioxide system are well summarised by Roughton (1 963).

Any delay in the uptake of inert gases afforded by the
first three of the above steps may be ignored according to experimental
results quoted by Ferris and Engel (4951 ). They show plots of arterial
nitrogen tensions which reach the asymptcte within 2-3 mins. of any change
in alveolar pressure. Where this change is effected by compression or
decompression, however, the delsy should be even less.

The gbove reasoning would appear to justify the practice,
popular in diving calculations, of ignoring any retarding influences of the
respiratory processes in determining the uptake of volatile substances by
tissue. This is the major implication made by equating arterial tensions
to atmospheric partial pressures. However, while it would seem reasonable to
omit a secular correction term, there would appear little justification for
the common practice of ignoring the dilution of inspired by expired gases

within the alveoli.

5¢2 Alyeolar Tensions_

The very complex series of consecutive chemical reactions
representing metabolism has one volatile reagent (oxygen) and one volatile
product (carbon dioxide). The relative molecular ratio of COz liberated to
O2 consumed is 4«0 for the combustion of carbohydrate, 0.80 for protein and
O for fat, Davson ( 96ka) quoting a general value of 0.85 for the

respiratory quotient for man.
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For absolute external air pressures varying from 760 to
L64O mm, Hg , Hill and Greenwood (1905) record alveolar CO2 tensions varyipg
from 33.5 to 41.3 mm. Hgy, and averaging 40 mm. Hg.

The reduction in alveolaxr 02 tension would thus
average 40/0.85 = 47 mm. Hg by virtue of metabolism.

For an atmosphere of mole fraction x of inert gas end
(1 = x) of oxygen, saturation with water vapour would reduce the total air
tension from P to (P - pw), i.e. the inhaled O, partial pressure from (1 - x)P
to (1 = x)(® - pw) = 47 mm. Hg, end the inhaled N, partial pressure from xP to
x(® - pw), where p_is the saturation water vapour pressure at 37°.

Arterial tensions are thusi-

P, = (1 -x)(P-pw)-lﬂrmn. Hg for O,
B, = x(P - pw) m. Hg for the inert gas,
Pw = Py, mme Hg for water vapour,
Po = 4O mm. Hg for CO2

Total = P-7 mm Hg,

For air at ambient pressure, P = 760 mm, Hg , x = 0.8
and p_ = 47 mm, Hg , giving Px = 93 mm. Hg - in agreement with the value of
9% mm. quoted by Albritton (1952) from experimental determinations.

The arterial inert gas tension (P A) is thus given by

PA = x(P - pw) (v)

513 The rate-controlling process

Having concluded that none of the processes associated

with respiration have any significant effect upon the time response of tissue
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tension, the rate-controlling stages must be associated with the particular
tissue itself. This raises the vital and most controversial issue of whether
the uptake of inert gas by the critical tissue is limited by its blood perfusion
rate, or diffusion, or both.

Most quantitative approaches to decompression sickness
avoid the issue by assuming that the mean extravascular tension has a simple
lirear response to changes in atmospheric partial pressures, irrespective of
the mechanisms involved. The severe limitations of such calculation methods
have been discussed in section 4 +6. Although well justified by decampression
experience, the pioneer of the linear diffusion theory in diving (Hempleman -
see section {.65) has offered little defence of this proposed model in the
light of a much wider physiological literature expressing conclusions over-

whelmingly in favour of circulation as the rate-controlling process.

5.2 DIFFUSION vs. BLOOD PERFUSION

52 General
Bef'ore placing any quantitative interpretation upon
data related to the exchange of inert substances within the body, it would
seem imperative to establish whether diffusion or circulation is the predomin-
ating transport mechanism. What would be deduced as a blood perfusion rate
from one standpoint could, in reality, be a function of the diffusion
coefficients and micro-geometric dimensions of the 'phases' comprising the

tissue. The literature would appear to contain many facts which are difficult



410%.

to reconcile with the popular belief that blood-tissue exchange is
circulation=limited (Kety, 1951 ). This would suggest a re-assessment
of this problem of fundamental interest and particular application to:-

(i) the upteke of anaesthetics,

(ii) the determination of regional blood flows, and

(iii) the nutrition of tissue, in addition to

(:'Lv) the prediction of limiting conditions for the onset of

marginal symptoms of decampression sickness.

The initiel distribution of an inert substance in any
organ must be effected by its bulk transport in solution by blood while
upteke in the more remote regions, ;101: hydrodynamically perfused, must occur
by diffusion. Since these processes are in series, they must display inter-
action in the overall tissue response in which each must exert same finite
influence. Neither process may be ignored as representative of insignificant
capecity.

The relative contributions of 'stirred' and 'non-stirred'
regions in limiting blood-tissue exchange must depend upon both their relative
capacities and isolated response functions derived as the quantitative
expressions most faithful to the histology of the particuler tissue. Before
discussing the mathematical models employed for such camparisons a mass
balance for non-metsbolisable substances is indicated, since this must be

independent of any mechanisms or their relative prominence.

5022 Mass balence

Consider the overall volume (V) of a particular tissue

type to which the total arterial blood flow is Q A and from which the fluid
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drainage rate via the lymphatic system is Qre 4 simple mass balance for
water between blood and peri-capillary filtrate gives the totel wvenous
L]
blood flow (QV) from that volume as:-
Q =%y = 4s)

QA’ Qv and QL have the dimensions of volume per unit
time.

For inert solutes, where Pys By and p; are the arterial,
venous and lymph tensions respectively, the net rate of influx of inert
substances = SBGQA?A - vav) = 8, Qp, p; vhere 8 and 8, are the solubilities
in blood and peri-capillary filtrate respectively = expressed in accordance
with Henry's law as the concentration in equilibrium with unit partisl
pressure of the substance. If ST is the corresponding value averaged over all

zores of the tissue for which P is the mean tension,

Net rate of uptake = VSpe o(':E) = SB(QAPA. - Q.va) - S.Qrp; (16)
Substituting for 6V (equation 15), the above expression becomes:-
(o) <
A = o[ 3y - ) - Gyletey - )Y ] 47

where B is the blood perfusion rate (QA/V)’ § is the blood:tissue
partition coefficient (sB/sT) and s' is the peri-capillary f'iltrate: blood
partition coefficient (si/sB).

If lymph and venous concentrations are assumed to be

equal then S'Pi = oy and equation 47 reduces tos-

Bop = 5, - n) L
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For a given input of arterial tension, the above
equation contains one unknown too many to give a solution for Prpe It is
this degree of indeterminancy which has encouraged meny suthors to approximate
the system to the nearest limiting case in order to avoid any mathematical
complexity.

The uptake or eliminstion of an inert substance must
lie between the extreme cases of exchange being totally circulation-limited.

or totally diffusion-limited.

5.25 Circulation limiting

The assumption thgt blood perfusion limits exchange
presumes that there are no tension gradients, the substance in the blood
leaving the tissue being in equilibrium with that in the tissue. This is
expressed quantitatively by the approximation Pp = By which then enables
equation 18 to be solved.

For a step in arterial tension defired by P, = 0 for
t €0 to P, = PA for t > 0, integration gives:-

PT = PA (1 . exp(-SBt) ) (1 9)

If the approximation is justified, then the experimentally
-de termined exponential constants (e.ge N values in fige 17), would appear
to provide a very simple means of determining local blood perfusion rates.
Such an interpretation has been placed upon time constants by Kety (195 ) and
Jones {1951 ), and has since been widely used for determining blood perfusion
rates by many including Hyman et al (4 959) for skeletal muscle, Thorburn et

al (4963) for kidney and Johansson et al (4 964) for the myocardium.



"a.

5¢2+ Diffusion limiting

"There are several alternatives in a diffusion=-limited
exchange, depending upon whether the resistence to mass transfer is taken as
concentrated in the endothelial lining or note If the former then the
application of Fick's law to the capillary wall of thickness (z) and
effective surface area (4) per unit volume of tissue givesi-

Net rate of upteke = DmJL(;pA - pT)/z
where DIn is the diffusion coefficient of the cepillary membrane.

Combiration with equation 16 givess-

o(pp)Rt = k(p, - py)

where k = DmA/ ﬁTV.

Integrating the above differential equation for a step

in arterial tension defined by P, = O for t €0 to P, = PA for t >0,

pp= By (1 - exp(-it) ) (20)

Thus another simple exponsntial response would be
forecast = similar to eq_uatioh 19
However, any model must become circulation dependent

if the blood perfusion is lowered until eppreciably less solute is mechanically
transported to the capillary walls than they are cgpable of transmitting.

5025 Perfusion and endothelial membrane controlling

Since it has been assumed that extravascular tissue is
effectively "fully-stirred" in both the preceding extreme cases, their
combination to give a model incorporating both resistances would seem the
next logical step. Morales and Smith (4 Uk, 1 U5ea, 1 A5b, 41 948) have tried
several such arrsngements in modifying and developing the original ideas of
von Schrotter (41 906), Zuntz (41 897), and Teorell (1937) to derive the overall

uptake of an inert substance as a function of:-
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(i) Arterial tension,

ii) fat-water solubility ratio of the solute,

iii) extravasculer lipid content,

iv) tissue blood volume,

v)  tissue volume,

vi) rate of blood flow, and

vii) tissue permesbility in which all diffusional resistance
is assumed to be confined to the capillary wall.

Although more comprehensive than most, their approach
does not ellow for any possible extravascular heterogeneity; the termination
of their treatment at the endothelial membrane circumvents any need to
specify any geometric form for the 3-dimensionsal structure of tissue.
However, if the latter assumption is not made, then bulk diffusion must be

considered as an alternative to membrane permeation as the rate~limiting

process in the second extreme case (section 5e2h).

5¢26  Bulk diffusion

A éeomtric parameter must now be introduced such that
the application (Appendix II) of Fick's law as:-—

V3p = %( g—%) » Wwhere p is the inert gas tension, enables the
overall uptake (G) to be expressed in the form:-

G = Funct.(r,t)
r is a radial ordinate..

One model to which this expression is readily applied
is that of Krogh (1 %8a).. On the basis of microscopic observations, he
illustrates the vascular bed as comprising cylindrical capillaries with
parallel axes spaced on a regular triangular pitch. If extravascular tissue
is still regarded as effectively homogeneous, the volume influenced by one

capillary approximates quite closely to a very long amnulus whose outer
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surface is impermeable. This now becomes a case for exact mathematical
analysis - Appendix ITI,whose results are summarised in fig. 4. This

indicates that the response for a step in arterial tension is given by:-

00 axp(=aDt) |
G [1 = (b):- 2) nil anz L (Jo(aan)/J1 (ban))z_ ) —l :l (vIiI)

where G = G for t =, b is the radius of influsnce of one capillary of

[}
n

radius (a), o is the nth root, real and positive, of the equation:=

Jo(aocn) 4 (ban) = Yo(aOtn) J, (bOtn) (viin)
in which J and Y signify Bessel and Neumann functions respectively according
to the nomenclature defined by Watson (4 944).

Using equation VII, Kety (4 951) has concluded that
blood perfusion must be rate-limiting on the grounds that a tissue of
average vascularity would attain 99% saturation by diffusion alone within
4 second of any change in capillary blood tension. Similar calculations are
presented by Thews (1 960 and 4 963) for 02, and by Forster (1964) for N 0.
The latter reaches the conclusion that diffusion can be neglected for all
but the most avascular tissues on the basis that, to display a half-saturation
time of even 5L4.7 seconds, the radius (b) of the tissue cylinder, would need

to be 21 94. Forster regards such a value as "unreasonably large®.

527 The wital issue
While they may sppear conclusive, the above calculations
are all based upon values of diffusion coefficients determined by steady=state
methods - particularly those of Krogh (4191 8a). The use of such values in
transient equations is only permissible if extravascular tissue can be

regarded as a medium of homogeneous diffusional resistance.
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If a very simple analogy may be permitted to emphasize
this vital point, tissue might be simulated by a rectangular block of
copper into which has been cast lumps of asbestos. Heat transmitted between
opposite parallel faces, maintained at different temperatures, would tend to
teke pathways within the boundaries of the copper. The apparent thermal
conductivity determined by such a steady-state experiment should thus be of
the same order of magnitude as that cf copper, unless the asbestos content
is excessive. However, such a value would be meaningless in calculating the
overall thermal upteke of the same block totally immersed in a stirred bath
of hot liquid. In the transient case the rate-limiting parameters are now
the conductivity and geometric distribution of the asbestos since the latter
represents the majority of the potential thermal capacity.

Thus the validity of the conclusions of Kety, Thews,
Forster, Morales and Smith, in dismissing diffusion as rate contributing,
depend entirely upon the presumption that extravascular tissue has hamogeneous
transmission properties. While any histological section indicates the

heterogenesous morphology of tissue, the answer would appear to lie in the
relative diffusion coefficients of the individual phases present.

5.3 DIFFUSION COEFFICIENTS

5¢ 3 Steady-state values

The first doubts upon the validity of using diffusion
coefficients determined by steady-state methods in transient equations are
perhaps Krogh's remarks that it was necessary to wait same 20-30 minutes
before steady transmission across tissue sections could be obtained. Using

his diffusion coefficient of 4 x 10~ % cm,?

min.” ! for N, in muscle, this
would seem excessive for a uniform material in which his thickest section

(2904) should possess a transient response of half-saturation time of less
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than 4 minute. It would indicate the presence of a much slower phase,
contrary to the popular belief summarised by Forster's statement that
"cell bounduries and tissue membranes appear to present little resistance
to the diffusion of chemically inert gases".

It may be considered most significant that Krogh's
'steady-state! values of tissue diffusion coefficients range from 0.25 to
0.5 of those for the corresponding gases in water.

These factors are of the order to be anticipated for
the fraction of cross-sectional area of tissue occupied by interstitial
fluid whose volume frection can range from Oeq4 to 0.55 according to the
sodium space values of Manery and Hastings (1939).

Hence Krogh's results are open to the interpretation
that steady-state transmission across excised sections occurs largely by
diffusion within the continuous extracellular phase. This implies geametric
blocking of diffusion by cells in the manner illustrated earlier by use of a
thermal analogy. However, such a conclusion is only justified if the diffusion

coefficient of cellular material is several orders less than that in plasma

and peri-capillary filtrate.

5¢32 Transient diffusion coefficients

Such gross heterogeneity would certainly asppear to be
the case for polar substances at least. For the isolated fibres of a frog's

sartorius muscle, Fenichel and Horowitz (4 963) record values of diffusion

2

coefficients ranging fram 4.8 X 107° €0 4.8 x 10°° cn® min,~' for ten

campounds = urea and various amides, amines and alcohols. This is several
orders lower than the value of 8.2 X 10-" cm® min.”! for urea in water

(Perry, 1950). Dick (1959) has obtained coefficients in the range 9 x 10 '-
3x10°° cm® min.”' for diffusion of water in the protoplasm of various living
cells, compared with 6 X 10-" cm? min. for the self diffusion coefficient of

water .



117,

Values similer to those of Fenichel and Horowitz have
been obtained by Harris and Burn (4 %49) for 2*Na in skeletal muscle fibres,
although the use of charged particles leaves the results open to many
alternative interpretations.

Considering molecules which are both chemically inert

2 min,~' for the diffusion coefficient

and non-polar, a velue of 1.37 X 40 ° cm
of acetylene in the cytoplasm of skeletal muscle, has been derived from
experimentel date (section 5.48). This refers to exchange in the inner
thigh muscle of a rabbit in which the initial uptake has been effected by
both blood perfusion and exposure of an excised tissue section to an
atmosphere of the inert gas.

A possible explanation for this value lying closer to
the lower limit of the range of diffusion coefficients determined by Fenichel
and Horowitz is the lower water content of rabbit muscle (77%)* compered with
that of frog muscle (78.9 - 8 .6%)% If these values are any reflection of
cellular coampositions, the difference should have an apprecisble effect upon
the transmission properties as determined by hydrogen and other intermolecular
bonding. The latter explanation is propounded by Fenichel and Horowitz to
account for the enormous difference between values of the diffusion coefficient
for the same gas in water and cellular material. This approach would seem well
Justified if cytoplasm, as a gel, is regarded as a phase intermediate between
liquid and solid. Diffusion coefficients for the same substance frequently
change by factors of the order of 10° - 108 upon melting of the medium.

The foregoing explanation could account for the value |

of 04129 min.” ! (section 8.61) derived from the analysis of practical

®values from Altmann and Dittmer (1964).
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conditions for the onset of marginal symptoms of decompression sickness.
Taking the capillary radius (a) as 3.0 = 3.65 microns (section 8.63), the
intracellular diffusion coefficient (D) would be 146 X 10°° = 4.72 X 410"
an® min~'s On the other hand, a capillary diemeter of 8,04 (Burton, 1 954)
would give D = 2,56 X 410" ° cm® min~'s This lies within, yet towards the
lower limit of the range of intracellular diffusion coefficients determined

by Fenichel and Horowitz as 48 X 10™° = 4.8 x 10™° cm® min~' for a variety

of campounds in frog musole fibres.

5¢35 Conclusions

The feature of the results quoted in the preceding
section would seem to be the unanimous deviation of values of diffusion
coefficients determined by transient methods from the corresponding values
estimated by steady-state methods. Moreover, they invariably deviate by a
factor of 10-" - 10"2 from those for the corresponding solutes in water.

This suggests that overall steady=-state values retain
little meaning when used in transient equations for tissue exchange, and
that Kety, Thews and Forster were not justified in concluding that circu-
lation alone is rate-limiting on the besis of such calculations.

A more realistic approachwould require accounting for

the individual transmission properties of each phase, their particuler

geometric distribution, end their overall interaction.

5. DERIVATION OF A GENERAL MODEL
5.4  Gemerel

In deriving e mathemgtical model, the foregoing
argunent emphasizes the need to differentiate between intracellular and

extracelluler regions. The latter effectively includes those regions which
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are hydrodymamically perfused, and those in which the diffusion coefficient

is appreciably greater than that of cytoplasm.

542 Campertmental models

With ions there is the additional barrier of the membrane
itself, although this is sometimes afforded the properties of a 'physiological
pump' for cations (Davson, 1964c). The membrane is taken as representing the
total resistance to the uptake of sodium by cells in the compertmental models
of Conn and Robertson (1955), Dobson and Warner (1957) and Persoff (1960).
Persoff has demonstrated the superiority of such an approach over use of the
linear overall bulk diffusion equations for interpreting 24Na. exchange data.
This author accounts for the interaction between processes in series, although
he does not terminate his analysis as expressions in the form conventionally
used by system control analysts, e.g. Muller-Girard (1955) for the simplest
mathematical manipulation. A comprehensive analysis of the response of

'catenated' campartments is presented by Robertson (1963).

5443 Combined bulk diffusion
The perturbation terms (see Thaler and Brown, 1 960)
characteristic of such interactions are oz‘nit’ced by Perl et al (41965) in their
analysis of data recorded by Rackow et al (4965) for the simultaneous elimina-
tion of nitrous oxide and cyclopropane from the whole body. They attempt to
account for deviations of gas elimination data from a purely perfusion-limited
approach by postulating linear overall bulk diffusion between the four

principal tissue types into which they divide the human body.
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However, they ignore the interaction between such
inter-tissue diffusion and their initial uptake limited by blood perfusion.
This would seem a gross spproximation since the circulation close to any
such postulared tissue interface must modify greatly the concentration
contours implied by use of a bulk diffusion equation. Since many parameters
are needed to describe the divislon of contact between the various tissue
types the system is just determinant, i.e. the equal numbers of equations
and unknowns provide no scope for proof of their model from their own data.

The case of diffusion into standard geometric forms,
with simultenecus chemical reaction, has been well covered by Roughton (1952).
However, one of the most realistic approaches, and least approximate mathemat-
ically, is probably that of Harris and Burn (1949). They take frog sartorius
muscle to be a plane sheet of fluid of thickness (L) in which are immersed
long parallel cylinders of radius (b) separated by extracellulsr chsnnels of
mean length L. Flux equations are then derived as partisl differentisls in
time (t) and distance (3) in the net direction of diffusion (0 = z 2 L).
Solution of these expressions gives mean values, averaged over z, for the
intracellular solute concentration as Ec and corresponding extracellular

concentration Cx 888~

o -
5 . % 3 1 LQ‘”‘PG"J‘) =P, -exp(P,t)
E 7 n=1 (20-1)2 002 -101) ~
andT_ = &2 s 1 ‘e“P@’ t) = P exp(p )
e (2n-1 ) *n? - pi) -

. D LBXP(P,*») - exp(p,t) :I
7712 (Pa - 91)
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where, for n =4, 2, 3 etc., ;O1 a.ndp2 are the roots of s~

PZ+P[:'%§<1 +Vc_02> + (M)Eﬁx ]+ 2f(2n-1)aﬂ2Dx =0

vx.cz nPL? n°1L2
where cz, c; and V_, V_ are intra and extracellular initial solute
concentrations and volumes respectively. Dx is the extracellular diffusion
coefficient and f is the surface permeability. The above expressions prove
successful for inlterpreting the exchange of electrolytes, the approach
resembling that of Conn and Robertson in so far as membrane penetration is
teien as the total resistance to cell permeation. This is demonstrated by
the absence of any intracellular diffusion coefficient in their quantitative
expressions.

Using the above equations for comparison, Fenichel and
Horowitz (1 963), conclude that bulk diffusion, rather than surface permeation,
is the operative mode of upteke by cells. If such a mechanism holds for the
410 polar compounds used by these authors, it should certsinly hold for inert
solutes vwhose molecules possess no dipole mament. The latter should
experience no net force of attraction or repulsion for the fixed charges
of ten attributed to membrane structures (see Davson, 4 964c).

While bulk diffusicn hag been shown to be the relevant
mode of upteke by skeletal muscle, it is quite probable that bulk diffusion
is also the mode of uptake by the cells of many other tissue types. In
addition to the complications of cell morphology, the effect of circulation
cannot be ignored in deriving a model to represent the normal state of that

tissue in the living animal.
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S¢idr  General tissue model

The foregoing emphasis upon bulk diffusion in cells
stresses the need for the closest adherence to the true internel geometry.
Admittedly the complexity of any histological section indicates that no
mathematical model can ever claim to give an exact simulation of the
response characteristics of tissue exchange, but it would appear essential
for any realistic approach to allow for:-

(i) significant contact between cells, and

(11) boundaries of profile more random than those of the perfect
geometric shapes assumed in previous analyses =~ Roughton
(1952).

These observations have led the writer to postulate a
general model incorporating circulation, which is applicable to most tissue
types. The two prominent 'phases' are:-

(i) Cellular material of uniform diffusional resistance to
inert non-polar solutes, the cells being irregularly
distributed and of irregular profile,

(ii) Extracellular fluid comprising plasma and peri-capillary
filtrate of diffusion coefficient comparable with that of
water, and, in part at least, hydrodynamically perfused by
solvent when the circuletion is functioning.

Before deriving the overall uptel® by such a system,
with allowance for interaction between the comporent phases, it would seem

essential to determine the isolated uptake responses of each.



RESPONSE PARAMETERS FOR DIFFUSION INTO PERFECT GEOMETRIC SHAFES

Perfect cases for analysis Random
biological
Geometric form Annulus Annulus Parallel Solid 8olid cell
(b/a=10) (b/a=5) slab cylinder sphere
8ide view ‘
—r2b e
End elevation .
Mass transfer area (A) 2va (per unit length) 2A 2wb Lwb® A
Volume (V) #(b2-82) (per unit length) 2vA 2 LabS/3 v
(Ab/V) 0.202 | [WRT 1 2 3 (Ab/V)
General uptake equation G = G [1 - g 1 Bh.exp(-q,:m;)
R forn=1,2,3 12 8 N 6 R,
(v%-a2) (va,)2[(7, (aa,)/3, (ba,)) 21| | #%(20-1)2 (ba,)? vn?
Root equation for (ba.) I (aa) Y, (bay K, (vay)),(@a,) | sin(n-1)w=0 I, (va,)=0 8in(n-1)v=0 (ba )=0
First R, 0.958 04931 0.810 0.6% 0.608 B,
root (bay) 1.103 0.412 1.57 2.405 3.140 (va,)
(vay) .95 572 Le72 5.52 6.28 (bay)
(ay/aq)? 20.1 16.1 9.00 5.27 1400 -
Reference to derivation of R and (ba ) Crank (1956) Carslaw and Jaeger (4959) -

Fig. 3
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5:45 Response of an isolated irregulsr cell

The above quantitative interpretation of tissus as a
2-phase system requires some parameter indicetive of the relative linear
dimensions in which cytoplasm is distributed. Bach cell must have a volume
(V), & surface area (A) available for exchange with interstitiel fluid and
a linser dimension - say en effective meen diemeter (2b). (Ab/V) is thus a
dimensionless group characteristic of the particular cell, and defined in
terms of practical paremeters. Although not unique to a particular cell,
the group provides a simple ordinate for the comparison of shapes too
irregular for any feasible description of their boundaries in terms of
Cartesian co~ordinates.

Moreover, this comparison can be extended to a sphere,
cylinder, flat plate, annulus or any of the other perfect geometric cases
in which bulk diffusion cen be analysed exactly - see fig. 3. (Ab/V) varies
widely from a value of 3 for a sphere to O for a cylindrical cavity in an
infinite medium, and thus provides a useful abcissa for determining the
response constants for the biological case by interpolation.

This interpolation is rendered feasible by the
universal form of the time constants (a; D in fig. 4) necessary to describe
the transmission response of any perfect geometric shape. Application of
the various sets of boundary conditions to solutions of the general
equation for diffusion in a homogeneous medium, V%p = (dp/dt)/D, enables
the uptake of en inert solute to be described exactly (Appendix II) for all

perfect geametric cases in the form:-
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r~ o
G = G |1 =« 3. R exp (-.azg-t.)-l (>1)
o L n=i n - o _J N=C o

where p is the tension of inert gas, D is its diffusion coefficient in
cytoplasm, G is the uptake by the particular shape for a step in the
surrounding fluid tension and G = G for t =5 R a is the nth coefficient
and Otn is the nﬂ1 root of the ancillary equation particular to each set of
boundary conditions. They are calculated for 5 perfect geometric shapes in
dppendix II. The first root term, R . exp (-k .Dt), where k_= o’p,
usually predominates (fig. 3).

Interpolation for the essential constants R1 B 011 ’ R2 ’
Otz, etc. of the irregular biological cell is rendered feasible by the
smoothness of the curves obtained by plotting these terms against (Ab/V)
for the perfect geometric cases.

This is illustrated by plots of (af /a:) and (b ) in
fige 4. It is thus possible to obtain values for the constants enabling

the response of an isolated cell to be expressed by equation 21,

5.46 Response of the isolated extracellular phase
Derivation of the uptake response of isolated extra-

cellular material is a very different matter when the circulation is
functioning. Landis and Pappenheimer (1963) discuss evidence for the
pervasion of cell walls by solvent suggesting some hydrodynamic perfusion of
the interstitial spaces. The increased lymph flow with exercise, demonstrated
by White (1933), suggests that the turnover of pericapillary fluid reflects
the circulation rate. Thus it would seem reasonable to assume that the

extracellular regions behave as though they are a 'fully-stirred' zone. Even
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if there is no solvent motion in the interstitial spaces, the vascularity
of most tissues is such that the extraceilular regions most remote from an
open capillary would attain 95% saturation by diffusion within 1 second of
a change in capillary tension. This estimation is similar to the Kety,
Thews and Forster type of calculation justifying perfusion as the rate-
limiting process within g dilute agueous medium. The essential difference
lies in the fact that the latter authors have envisaged the equivalent 'fully-
stirred tank' as the whole tissue whereas, in this epproach, its boundaries
terminate at the cell walls.

Thus it may be claimed that there are no significant
extrecellular concentration gradients, a conclusion which implies that both
venous blood and lymph drainage leave in equilibrium with extracellular fluid

(of tension pi), ice. p; = Py = Pp (22)

Applying a mass balance for the solute in the extra-

cellular zonei=

Net influx =Q‘. Be By - QV BB Py = QL' S;. p; = Vg .sla-(P )
where Vi is the volume of extracellular fluid.
Little error is introduced by eq_ua'b:l.ng QL. S « Py to

a
QL. SB. Py since b o S for many inert solutes and QL << Q '

Substituting for p, and p; (equation 22) and Qy and Qp
(equation 15), the above equation reduces to:-

(o, = »;) = Kk (p,/2%) (23)
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where k, = S‘-‘;:Ni = sB/B, = O.693_/Ti (24)
in vhich 8 is the volume fraction of extracellular fluid and Ti is the
corresponding halfesaturation time for the linear process.

For the isolated process, integration of equation (23)
for a step in erterisl tension defined by Py = O for t « 0 1o Py = PA for
t »0, givesi- p, = A(1 -exp(-Bs‘b/ﬁi)) » ieee & simple expomential resembling
equation (1 9)e

I the circulation has stopped, then cepillary locations
are no longer relevant, and solute must reach the cell walls by diffusion
through interstitial fluid from the neerest source of solute. For tissue
thicknesses of 100K or more, extracellular diffusion times can no longer ve
ignored and ki must be replaced by ki = which is now'a function of macro-
dimensions. If these dinensions are many times greater than the mean
dismeters of cells, then the extracellular material may be regarded as a
uniform mess of serum of cross—sectional area reduced in proportiorn to that
occupied by extracelluler fluide. This would not change the isolated response
of that zone if the tissue were cut into the overell form of e flat parallel-
faced slabe

Thus for a section of thickness (L), placed upon an
impermesble surface and exposed at the other face, fig. 3 gives the time

constant for isoleted extracellular response asi=

D
k:!l. = —)-.L(: = —220,1\; (25 )

where EI.‘:!L is the corresponding half-saturation time, and Dw is the diffusion



127.

coefficient of water. Little error should be introduced into the response
analysis by using only the first root term of the linear bulk diffusion

equation sinces=

(1) the first term represents 81% of the total response (fig. 3).

(ii) the second root responds 9 times faster so that this and
higher roots would display little deviation from the imposed
pressure fluctuation at the exposed face.

Extracellular response can thus be expressed in linear form

for both the perfused and non-perfused cases.

5¢47 Interactior

So far, expressions describing the isolated uptake
response of each of the two principel phases have been derived. However,
since the extra= and intracellular regions lie in series, account must be
teken of their mutual interection. The resulting perturbation terms are too
large to be ignored when deriving the overall tissue response, and represent
the source of mathematical complexity. The latter can be reduced to
reasongble proportions, however, if the system described can be reduced to a
lirear equivalent, which is ideally suited for analysis by Laplace transforms
(Thaler and Brown, 1960).

While such linearity holds for the extracellular phase,
whether circulation is operztive or not (equations 23 and 25), the cells
present a case far less inducive to analysis. However, the multi-exponential

form of their response (equation 21) suggests that each component term,
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Rn.exp(-a;Dt) in fig. 3, may be regarded as an individual portion of the
extracellular material displaying linear response with respect to the
interstitial fluid.

The histological model advanced here may thus be
transformed to the compartmental equivalent illustrated in fig. 5.

The root terms of the bulk diffusion response (equation
21) are represented as chambers in parallel to each other, yet in series to
the interstitial fluid. Ower the practical range of response times the third
and higher roots are so 'fast' that the capacity they represent may be
considered equilibrated with interstitial fluid.

The muscle fibre, recorded by Fenichel and Horowitz
(1963) displaying the slowest uptake response, corresponds to a half-
saturation time (t% ) of 12.4 minutes. The second root would thus have t% =
1.4 minutes (parallel slab) and, for the third, t% = 0.5 minutes. Considering
the correspondingly reduced capacities (values of Rn) of higher roots, the
linear equivalent (fig. 5) should introduce little error in applying the
model proposed in this thesis.

However, any model is worthless until proven
experimentally.

Since adequate experimental data could not be found in
the literature, the experimental program described in section 6.3 was under-
taken. Data have been recorded for the upteke of inert non-polar gases by a
single tissue type, skeletal muscle of the rebbit, for the two cases of:-

1« Bxtracellular uptake effected by perfusion,
2. Extracellular uptake effected by exposing an excised

tissue section to the gas.
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It was felt that the justification for any postulations
would be greatly enhanced if the seme model could be used to correlate both
sets of data, i.e. where exchange occurred both with and without circulgtion.
Both cases are therefore considered in the following quantitative interpreta-

tion of the model.

5¢48 Quantitative interpretaticn of the model

The great advantage of the hypothetical modsl advanced
in fige 5 is the fact that each inter-compartmental mess transfer process
can be expressed quantitatively by a single lineer equation., This provides
three expressions in addition to three for the transient mass balances = one
for each compartment. Such a system is thus ideally suited to analysis by
use of Laplace transforms, the mathematics being presented in Appendix IV
using the symbols indicated in fig. 5.

Eliminating the transient variables Q.5 9, P» I, and
Py from the six equations, g can be readily derived for a step in arterial

or external tension, defined by P, = O for t € 0 to P, = PA for t > 0, as:=

Q= A exp(-0.695t/6 )4k, exp(~0.695t/6,)+a o0xp(~0.693/6 )

with circulation, (26)
R, Q= A: «exp(=0, 695'(:/0: )M;.exp(-o. 693t/0 'Z)M'B.exp(-o.695/03)
without circulation. (27)

which represent exact solutions ifs=

666 =TTT, (28)
with 1 2 3 1 21

0 6 46 6 ) .

[0,40,0.40.0 = T1T2+T1T1(1+ﬁz)+T1T2(1+ﬂ1) (29)

circulation 3 B ad
FO, 40 = T1+T2+Ti(1 +ﬁ1+ﬁ2) (30)
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(0861601 = ™ T m (31>
viithout 123 17271
0101,0101 0100 ' .
cirouletion ( ! I St T,T2+T1T1(1+ﬁ2)+T1T2(1+.31) (32)
01 4.0% .00 1
1400404 w T1+T2+T1(1+ﬁ1+,62) (33)

Equations 26=33 are derived in Appendix IV.

If the geometric concept (fig. 5) of the histology of
tissue is correct, and remains essentially the same immediately af'ter death
of the animal as it was for circulation under ensesthetic, then '.I.‘1 » L ,ﬁ1
and ﬁz should be the salm® in both cases for the same gas. Moreover, if these
constants are known, then each run with circulation (i.e. each set of 8
values) ensbles Ti to be determined according to equation 28, 29 or 30. Th.'LS
provides three separate estimations of the blood perfusion rate (B) as

determined from each value of T;_ according to equation 24,
Rather than derive T , T , ﬁ1 and ﬂz from the runs with

perfusion, it is simpler to derive them from datae recorded for the excised
tissue, since a knowledge of ‘1‘i from equation 24 effectively reduces a cubic
to a quadratic solution. An esnalysis of such experimentel date (fig. 19) is
given in table 7.

The following features of table 7 would indicate that
the model (fig. 5) is realistic for the interpretation of data from excised
tissues=

1« The close agreement of values of ’.[‘1T2 in line 7, since Both

T end T, should be constent - 2 degrees of determinancy .
1
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ANATYSIS OF ACETYTENE UPTAKE WITHOUT CIRCULATION (fig. 12!

Quantity and derivation Eqn, | S22 = B2 | Mean |€
14 L (nii, ) - | 2.96| 1.9 | 1.05 -
2 experimental 01 (min, ) - 52 LO.6 | 30.3 -
results (fig. 19)) !
3¢ (section 6.34) 5; (min. ) - 22 8.8 | 5.6 -
by 5;(min.) - 3ot 3,8 | 2.8 -
5 T} = 0.693 x 4&2/‘772Dw(nﬂ.n.)' 25 |26.3 | 11.0 | 3.3 -
6. 0100t (min.?) - |3548 | 1361 | 474 -
[ mgl@;/rrt (min, 2) 31 1339 | 121 |143.8 [133.9] 2
8. mewo:a*wo* Eﬂ'd' (min. %) - |1387 | 54 | 270 -
9 (T +T :ﬁ T 48T )=(ze-e--m )/ | 32 | 46.8| 38.3 | 38.8 4.3 2
104 (6 +6'+0') = 20' (xm.n.) - | 7741 | 53.2 | 38,7 -
114 (za--a:-) = T} 66 B )+(T +T,) 33 | 208 | 42:2 | 386 | = |1
Plotting (29:-'1‘:'.'_ ) vs. T4 %gradient = (ﬁ?1 +,62) = 0.69
intercept = (T1+T2) = 33.7

TABIE 7

*D,, = 9¢36 x 107* cam® min ' (Perry; 1950).

0' 0‘ and 0' are half-saturation times obtained from the experimentally-
> determined response curve for each run upon excised sections
of 'white' imner thigh muscle of the rabbit.
2. The close agreement of values of (T1+T2+T1ﬁ2+T2131) in line
9, since T, T , ﬁ1 and ﬁz should all be constant = 2 degrees
of determinancy (§).
3. The linear plot of &' vs. T} since both ﬁ1 and .62 should be
constant in the gradient term (ﬂ1+ﬁ2), and both T and T, should
be constant in the intercept term (’1‘1+T2) - 1 degree of

determinancy (£).
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Taking mean valuest= TT, = 133.9 min.2.

T 4T, +B T 4B, T = 4.3 min,

ﬂ1 +ﬁ2 =2 0. 69

T1+T2 = 33.7 Inino.
these equations give the following values for acetylene in skeletal
rabbit muscles=

T1 = 29.1 Inj.n.

TZ = 2"--6 mino

C_H
ﬁ1 = 0,51
ﬁz = 0.18
For a tissue with negligible fat content, ﬁ1 and B, will

remain the same for any gas. T’ and T2 » representing a pure diffusion
process in all cases, should be inversely proportional to the diffusion
coefficient for the particular gas. Applying the Grehem's law correction
factor of A65/26 = 1.81, the following velues should hold for © Krie

T1 = 52.6 min,

TZ = 903 min, as

ﬁ1 = 0,51

ﬁz = 0.18

Justification for applying Grahsm's law is enhanced by

the nature of the gases used, which are not only irert but also non-polars
Molecules of these particuler diffusing solutes should thus experience very
little hindrsnce by hydrogen or other intermolecular bonding present in the

cytoplasm (Fenichel and Horowitz 1963),.
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The above values for krypton, derived from excised
tissue, enable three separate determinations of perfusion rate to be made
for each degree of circulation = if the same geometric model still holds.

AVAIYSIS F ®5Kr ELIMINATION WITH CIRCULATION (fig. 17).

Quantity and derivation Egn. Run I Run II
experimental 6 (mins. - 86 197
results (fig. 17) 0 ' (mins. - 2064 273
(aect:.on 6.33) 02 ming. - 6.7 6e5
00,0 (min.>) - 11730 38210
06,46 0 +a 0 = m1ez (min. ?) - 2465 i3
o1+a +e =20 (min. ) - 11341 248.8
i = a e a /T Tz (min.) 28 26.8 87:5
T, = (2916 —'l‘ T )/(T +T +.6 T +ﬁ T ) (min.) 29 27.2 90.6
T, = (-1 -1 )/(1-113 #3 ) (min-) 30 3.9 | _110
Mean T:. - 2863 96.0
Stenderd deviation of T, values - 6. Fb 10.4%
Blood perfusion rate (B) from mean T, X
B = 69.3/(1+48 +8,)1; (nl./100 ml. min.) s 1463 0.48
Opportunities to prove/disprove model (§) 2 2
TABIE 8
C

3 ~ 4 for an agueous type andﬁ
’ A

0
1

thigh muscle of a rabbit.

e
C;+4C 4C,

1 1
= = = Ot 66
140 /G40 fG; = 1+P B,

s 0 ,and 0 are half-saturation times obtained from the experimentally-
3 getermined response curve for each run using the inner

The agreement between the three determinztions of

perfusion rate for each degree of anaesthesia was rather better than

anticipated.

v

It indicates that the geometric model outlined in Fig.

21

realistic. The higher standerd deviation in Run II (table 8) may be

attributed to the poorer control of the degree of anaesthesia.
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While tebles 7 and 8 wonld provide sufficient

Aata
S ETel paise iy LAV

Hox
maeling a comparison between diffusion and circulation as the rate-limiting
process in this perticuler tissue, it is interesting to note that the fI.‘1 and
Ta velues common to both perfused and non-perfused systems give T1/T2 = 6435,
According to the plots (fig. 4) of basic response paremeters sumnarised in
fig. 3 for the perfect geometric forms, OtZZ/OCf = 6,35 corresponds to Ab/V =
1455, i.es an effective reduction of (2 = 1.55)/2 in the area of a perfect
cylinder available for mass transfer from interstitial fluide This vould
suggest contact between neighbouring muscle fibres, in the undisturbed state,
to the extent of approximately 22% of their surface ares. This contact is
visualised in the form presented by Wiedemarm (1963) whose illustration is
reproduced in fig. 6.

The same value of Ab/V = 1.55 corresponds to lﬂ1 = 2,03
(fig. &). But, from fig. 5, T = 0.695/Dotf minutes i.ec. for acetylenei-

D/b? = 0.579 min.” ',

It is difficult to know what value to take for the effectiw
meen diameter (2b) of a cell of random geometric form. However, if 2b is
taken as equal to the intercapillary distence for vesodilated gastrocnemius
'white' rabbit muscle, then Kety's (1951) capillary count for this tissue
gives b = 15,44, and thusi-

D=1,37 % 10"° am? min"~ 'for acetylene.

The significance of this value is discussed in section 8.65.

549 Implications

The foregoing analysis is rendered feasible by the time

constants, 7\1, ?\2, 7\; R 7\; -etc. recordsd in figs. 17 and 19, being so clearly
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defined, This occurs by virtue of the large number of points (80-120)
obtainable for each scintillation counter or dilatometer run.

The realism of the proposed model, applied to 'white'
skeletal rabbit muscle, may be assessed from a comparison of similar
fundemental quantities derived by separate means in tables 7 and 8. With
three equations (28, 29, 30 or 31, 32, 33) for each of five runs and only
six basic unknowns (T1 s Ts ﬂ1 5 ﬁz and the two perfusion rates) the system
is over-determinant, their being nine opportunities to prove, or disprove,
the model. These are indicated in the columns headed §. Mathemeticslly, the
evidence could have been presented more convincingly if the same quantity,
say '.T.‘1 or Tz’ had been determined ten times.

The qusntitative incorporation of the concept of a
3=-dimensionsl cell of random profile seems a reasonable offer in mitigetlion
for the gross geometric irregulerities observed in most histological sections.

While the method effords no means of estimating the true
volume fraction of the interstitial fluid end vascular system, devoid of
rapidly equilibrating cellular material, the estimated 2% contact between
muscle fibres seems to be of a reasonable order. The same mey be said of
the blood perfusion rates of 463 and Oo48 ml/100 ml., min determined for
light and deep ansesthesia (table 8).

While a value of 15.44 for the effective radius of a
cell may seem open to question, the model would appear sufficiently well
proven to claim that the diffusion coefficient of intracelluler material is

within an order of values determined by other transient methods. Thus inert
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non=polar compounds wonld annear to have values of D in rebbit muecle
fibres roughly 10" times smeller than those for the same gases in water.
However, it is not essential to determine diffusion coefficients to
demonstrate this gross heterogeneity between intra- and extracellular
material,

Whether the concept of an irregular cell is justified or
not, it would appear most significant that two out of three of the fundamental
time constants extracted by the foregoing snalyses ere the same for each run.
This is particulerly relevant to the diffusion vs. perfusion controversy since,
after a Graham's law adjustment, they are also the same whether the
circulation is operative or not, This serves to support the belief that
they refer to a purely diffusional process. Corresponding to half-gsaturation
times of ’J?1 = 52.6 minutes and T, = 8.3 minutes for krypton, they represent
delays comparsble to that imposed by circulation for which Ti = 28.3 minutes
for light ansesthesia. Representing processes in series, these values
indicate that neither would predominate to the extent that the other could
be ignored. However, diffusion would be at least 90% limiting at high
perfusion retes such as the values of 30-40 ml/100 ml minute associated
with exercise. This is in direct egreement with the radiosodium clearance
curve of Renkin(1958) for dog skeletal muscle.

While the foregoing comparison refers to the 'white®
skeletal muscle of the rabbit, it seems quite probable that a similer shift
of emphasis from circulgtion towards diffusion as rete-limiting might well

apply to other tissues. While autoradiographs, such as-employed by
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Thorburn et al, (1963) may be used to identify experimental elimination
constants with the particular tissue types comprising an organ, they would
most likely represent only the slowest terms (1::11 in fig. 3), for their
Particular regions.

While relevant to decompression sickness, the foregoing
analyses make the more serious implication that there is little Jjustification
in the popular determination of regional blood flow rates as the experimental
time constants obtained by direct response analysis (i.e. 7\1 ,7\2, and 7\3 in
fige 17). To allow for diffusion, a far more rigorous mathematical treatment
is indicated, based upon a reslistic model for which one suggestion is
presented in this section.

Before adapting the model to the tissue type critical in
diving, a check must be made of its ability to explain the chief examples of

many facets of blood-tissue exchange.

5.5 MODEL REIFVANT TO DECQMPRESSION SICKNESS

551 General
The foregoing discussion and derivations infer that
diffusion would make a far larger contribution towards limiting inert gas
upteke than is generally accepted in the literature, (e.g. Forster, 1964).
However, this revised contribution has only been shown to exceed all others
in limiting blood:tissue exchange in the case of skeletal muscle, although

it could apply elsewhere.
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552 The worst case

The selection of a mathematical model for predicting
marginal symptoms of decompression sickness suffers from the extreme dis-
advantage of not knowing with certainty which is the critical tissue type.
However, there is very good reason to believe that the site of pain is
closely connected to the locomotor system (section 3.23)s This proximity of
the critical tissue type to skeletal muscle thus indicates that the foregoing
discussion of processes contributing to exchange limitations, and the model
of the irregular cell, could be relevant to this case - particularly if tendon
or supporting tissue is regarded as a mechanical extension of muscle fibres.

If the concept of irregular cellular boundaries is
accepted, then the worst 'cases for desaturation must occur in the few random
instances where two or more cellls would completely envelop a capillary.
While these may represent no more then several occurrences in several million
possible sites, these would be the locations which would retain the largest
quantities of separated gas if nucleated during decompression.

Such sites would represent the particular case of the
general model expounded in section 5.4, in which the extracellular region is
reduced to the intravascular content.

If diffusion coefficients in cytoplasm are really
smaller than those for water by the factor of about 10 * derived earlier,
then such restriction in exchange is further enhanced if the alternative
source of extracellular solute rearest to the isolated capillary is another

capillary.
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The worst possible cese is therefore that in vhich the
irregular distribution of cells has led to a capillary being separated from
its nearest neighbours by cytoplasm and the approgriate membranes only.

Such a possible occurrence is illustrated in fig. 7.

5053 Model for decompression sickness

The few sites representing the worst possible location
for phase separation mey be expressed quantitatively as the particular case
of the general model (section 5.4) in which:

1 The extracelluler volume (Vi) » in equetion 24, is reduced to
the value for the intravescular content for which Haldane and Priestley (1935b)
guote a genersl velue of 4%h. Thus ﬁi = 1/(1-'51-0'32) is reduced from 0.56
(section 5.48) to apuroximately 0.0k, Hence the half-saturation time (Ti) of
the extracellular zone should be reduced to 1-2 mins., under a similar state
of anagesthesie, but should be even more rapid under normal conditions. Hence
little error is introduced by equating cspillary to arteriasl blood tension

of the inert gas, i.e. from equation V.
p-x(P-pw),forr<a. (x)

2. Any error introduced by the sbove approximation is further
reduced by the increase in half-saturation times (T1,T2) corresponding to
the roots of the equation for bulk diffusion into the extracellular zone.
The area per unit length aveileble for mass transfer with the cell is reduced
to 2Ma, thus increasing T = o.693/afb (fig. 3) for CH, from 29.4 mins. wp to
a value in the region of 64 mins, This figure is reached on the basis that

8 = 0,285 for b/a = 5 (fige 4) end D = 1,37 x 10™° cm® min~' (section 5.48),
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Hence little error should be introduced bv ignoring the
effect of circulation, having a half-saturation time of 1=2 mins, s in series
with intracellular meteriel having a helf-time in the region of 64 mins. The
worst possible case may thus be regarded as one in vhich the capillary tension
of inert gas msy be taken as equal to the alveolar value (equation IX),
intercepillary uptal® occurring by radisl diffusion into the intervening
cytoplasms This is illustrated in the mathematical model shown in fig. 8
which retains the Krogh concept of capillaries of radius (a), spaced on a

regular trianguler pitch of distance 2b between centres.

5¢54 Radigl diffusion
The spplication of Fick's lew to a mass belance for the

inert gas et any point within an isotropic medium may be expressed
quantitatively (Carslaw and Jeeger, 1959) asi
2 _ 1 /dp\
v p= D Kﬁ)
It is shown in Appendix II that simple redisl coordinates

may be used, when the above equation reduces to:

r N
L E-® ] -4 @)
where r is a radisl co-ordinatc,

From fig, 8, it can be seen that little error should be
introduced if the hexagonal form of the cross-section of the volume of
influence of one capillary is approximeted to a circle of radius b. The
cytoplasm influenced by that capillary mey thus be described as a hollow

cylinder of infinite length and radisl dimensions a € r € b,
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For a step in capillary tension defined by: (Ap)a =0
for t € 0 to (Ap)a = x(AP) for t> 0, at r € a, the tension at radius (r)
has been derived from equation 209 in Appendix II asi~
2
0o (x0T (et )X (0 )7 (% Josxp (- D)
2
T_ (7 o et /3, (o0t D)1 J

(eo), =ctee) [ 1.3

= x(AP)Q(r, t) (XI)

where 1%, are the roots, all resl and simple, of equation VIII.

The total gas (G), expressed as 2 volume (reduced to
standard pressure and body temperature), entering unit length of extravascular
tissue by virtue of the step in sabsolute pressure (&), may be obtained by

applying Fick's lew to the capillary well, i.e.
aG
%% - =2TeDS (%)
r=a,

where the net solubility of the inert gas in celluler material (S) is
expressed as a volume of gas (reduced to standard pressure and body
temperzture) per unit volume and per unit partial pressure.

From the application of the above expression 1o
equation XI, it can be seen from equation 212 in Appendix II that the gas
uptake per unit volume of extravescular tissue (g) may be derived asi-

g = &/mb? - &%) = x(2) 8Y(t) (x11)

A _ exp (-ﬂ:.l?t)
T B G e ]

where ¥(t) = 1 (x11I)
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since L. I q

TR N —— ' = 4
(@/a)™=) =t (0, | @ (e )/, ()%t |

Thus equation XI enables the tension of inert gas to be
determined at any point and time (t) following a step in ebsolute pressure
(AP). The total uptake of inert gas per unit volums of extravascular tissue

is given by equation XII.

255  Approximations

In justification for neglecting the effect of circulation,
in the worst possible case only, it has been shown thet the half-time of the
first root mey be of the ordesr of 4 times greater than that for the general
model of the irreguler cell (section 5.53). However, all roots of the same
Pourier series would be incressed by similar factors » greatly increasing the
error introduced by the original assumption that the capacity represented by
the third and higher root terms may be considered equilibrated with extra-
cellulexrfluid, Hence, in the worst possible case, V(t) in equation XTI
cannot be teken as simply the sum of two exponential terms, the anolysis of
decompression data requiring the full use of equation XITI.

However, for dives of short duration, the number of terms
vhich become significant relative to the first (n = 1) in equation XIIT may
be quite large. Fortunately,for small values of t there are a number of
good approximations.

Until molecules diffusing from one ceapillary meet those
from another, the boundary condition at r = b has no effecte The cytoplasm
mgy then be regarded as en infinite medium with e hollow cylindrical cavity

of radius (a), from which equation 213 (Appendix I1) gives:=



2
=Du°t)u. Ot (xIv)

t o
ﬂ“((b/i)z-1)[o fo u| @, (aw)+(x (an))? _[

Appendix II contains further epproximations for V{t)

V(t) =

until, for the smallest values of t, equation 216 givest-

¥(t) = b 4Dt/ az/m((b/a) 2-1) (xv)

Thus equation XV indiceatcs that, for small velues of i,

g% Gee te

The significance of this derivation is discussed in section 8.33.

5656 Dimensions

g is a volume ratio and hence dimensionless. Thus for
equation XII to be dimensionelly homogzneous, ¥(t) must be dimensionless,
end so must (a® ) in equation XIIT, (au) in equation XIV and (Dt/e2) in a1l
equations including XV.

The only independent variable (t) for total uptoke can
alweys be incorporated into the group (Dt/ az) and other dimensionless groups,
e.g. 02Dt in equation XIII mey be expressed as (a )*(Dt/a®). Thus the time
response of the system for a step in arterial tension is vell characterized
by plotting ¥(t) versus (Dt/ az). Once the plot of these two dimensionless
guantities has been established for the relevant (b/a) ratio (fige 43),
varistions in D, S, (&P), x, or even a (for smell velues of t), require
arithmetic zdjustments only. The apparent mathematicel complexity of

equations XITT and XIV should thus not detract from the use of this approach
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in decompression analysis. It should, in fact, be no more difficult by
this method than by the conventionel exporential approach once the

relationship between ¥ (%) and (Dt/a) has been expressed graphically.

5¢57 Inert gas elimination without phase separstion

Provided phase separstion has not occurred, the exchange
of inert gas in tissues should be a perfectly reversible process, i.es.
equations XIIT, XIV or XV could be used to describe V¥(t) in equation XII
whether values of &P are positive or negative. In such circumstances, the
net gas eliminated (G') and the net gas per unit volume of extravescular
tissue(g') are related to (t) according to equation XII asi—

g' = ¢'/m(b?-d) = x(28)S¥(t) (34)

Where phase separation has not occurred, the net gas
content after a number of absolute pressure changes may be calculated by
employing the nrinciple of superposition. This is in accordance with the
gereral approach employed by advocates of supersaturation theories of
decompression sickness (section 1.6).

For a dive of duration (0) at maximum absolute pressure
(Pb), followed by conventional staging consisting of time 'l'11 spent at
pressure P1’ 'I'z at Pz, Tm at Pm etc. in returning to the initial pressure

Po’ the net gas uptake by the tissue is given byi-

m m
et = 8 [ BBIUD-ER JW(-0)- B (2, W-0m 27,) ] o
since the jump fram pressure P to B, is delayed by time 0+1'1+Tz...'1'm

from the initial submersion.
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The start of decompression is the particular instent
when t = 0, such that the quantity of gas taken up by the tissue per unit
volune is given by equation XII asg=

g=aB(2, =B )V (9) (vz)

since @-Pb-Po

However, whenever the separation of gas from solution
occurs, the blood:tissue exchange process is no longer reversible and hence
the above approach cannot be extended to estimate desaturation by decompression
in nucleated zones. Thus equation 35 cannot be used for estimating g' in the
worst possible case, unless it can be proven that no point has exceeded the
condition for thermodynsmic equilibrium, Since, the proximity to possible
phase separation is determined by the total tension of all volatile solutes,
predictions of inert gas desaturation WITH IECOMFRESSION would seem best
postponed until the concentrations of the metabolisable gases have been

estimated.

5.6 THE INHERENT UNSATURATION

561 Eguilibrium
In order to estimate the quantity of gas available for

coalescence into an extravascular embolism, it is essential to know the
concentration distribution of each volatile subastance at the moment of phase
separations In the worst possible case, where phase equilibration is repidly

established (section 4.5), the excess of total tension over absolute hydrostaty
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pressure is then representative of the gas separating from solution at that
point. This is shown for a single stage in decompression for the arbitrary
radial distribution illustrated in fig. 2.

According to equation IV phase separation can occur at

any point where (p+po+pc+pw) > P + 200 mm, Hg.

While equation XI ensbles p to be determined for the
model postulated, the metabolisable gases cannot be assumed to respond in
the same transient manner as the inert substances. Moreover, the necessity
of living tissue to maintain continuous chemical reaction suggests a tendency
for the distributions of the gases, essentiel to metabolism, to deviate towards

steady-state conditions.

5062 Water Vapour
The tension of water (p w) in oytoplasm is defined as the

partial pressure of water vapour in equilibrium with cytoplasm. This must
deviate from the vapour pressure of water, which is 47 mm. Hg. (Perry, 1950)
at body temperature (37°C), by an amount equal to the depression of the
vapour pressure by the solutes present.

However, cellular material shows no excessive deviation
(Davson, 1964) in osmotic pressure from that of normal physiological saline
whose concentration lies in the region of 120-140 mM.NeCl. Applying Raoult's
Law to this dilute solution, the depression in the vapour pressure would be

47 x 2 X 0,13/18 = 0.70 m. Hg, essuning NaCl to be completely iomised.
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Since osmotic pressure and depression of the vapour
pressure are both colligetive properties pertinent to dilute solutions, the
same deviation should apply to the isotonic cellular material. Thus there
should be negligible error, relative to practical ebsolute pressures, in
= 46 mu. Hg. (xviI)

taking:- P,

5.63 Metaboliam

One volatile substance (oxygen) is consumed by
metabolism and another (carbon dioxide) is produced in comparsble molecular
numbers. Taking the general velue for the respiratory quotient quoted in
section 5.12, the blood:tissue molar exchange rates for CO2 and 02 should
thus be in the ratio 0.85:1 for steady-state conditions.

Moreover, their resistances to transfer between the
capillary and the site of chemical reaction should not differ greatly since
both gases must take the same route, although in reverse directions. This
differential would be determined by the relative partition coefficients
(equation 24) if blood:tissue exchange were perfusion-limited, or by Grahem's
Law if diffusion were ra‘be-controlliné. Taking the latter as pertinent to
the worst possible case (section 5.52) the resistance to carbon dioxide
venting should not exceed that for oxygen assimilation by a factor of more
than NL48/32, i.e. a ratio of 1.22:1.

Teking:= (transfer rate) = (driving force)/(resistance),
the molar concentration differentials between serum and the region of
metabolic activity should lie in the approximate ratio of 0.85 X 1.22:1, or

1.,0431 for 002:02.
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To remain consistent with the general model axnounded
for inert gases in section 5.44, in which the extracelluler region is
regarded as a'fully-stirred' zone devoid of any appreciable tension gradients
capillary serum concentrations of 02 end CO, must be taken as equal to the
corresponding values in venous blood. Thus the foregoing conclusion can be

expressed quantitatively in the form:- (Driving force for co,) = C,o =C&

2 2
~ (driving force for 02) = 0:) - Co » Where Co and cco are the concentra-—
2 2 2 2
tions of O_ and CO_ at a point in the cell and C' and C! are the
2 2 o, co,

corresponding values for plasma in the venous blood. This is illustrated
in fig. 9 and may be re-expressed ass-

cco + co = C":, & Géo (36)
2 2 2 2

Ir (C") + G ) were regarded as constant the above
equation would imply that 'l?he molezcular concentration rise of carbon dioxide
in cells, induced by metabolism, roughly equals the simultaneous fall in the
molecular concentration of oxygen.

However, it is total tension, and not total concentration,
which is the relevent perameter in determining the proximity of a system to

gas phase separation, i.e. (po + Pc) is required in equation IV.

5.64 Oxygen and carbon dioxide tensions
Defining point tensions of 02 and 002 in cells as P,

and P, respectively, and p:) and pé as the corresponding values in venous
blood, equation 36 becomesi=
(e, 190)802 ~ (p, :pc)s,:,oz

where So and S':=° ere the solubilities of 02 and GO2 in agqueous fluid.
2 2
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However, the solubility of carbon dioxide in water is
much greater than that of oxygen -~ as illustrated by the Henry's constants
quoted by Perry (1950) of 2,09 x 10® atmos. for €O, and 5,07 x 10° atmos.

. o
for 0,, giving Scoz/soz 2

This holds in both plasma and cytoplasm since metabolism
represents a steady=-state condition.

Thus, (py - p,) ® 2(p, = p!)

giving:- (o, + p,) » (0} + pL) = 25(p, = B.) (37)
Now 0O, is gererated within the cell and hence p > p., leaving (@, + )
< Pc'a + pé.

Hence, relative to capillary blood, there is an inherent

unsaturation induced by metabolism by virtue of the continuous

conversion of a volatile substance into another of much higher

solubility.

Moreover, this tension differential should increase
with the metabolic rate (M) which is proportional to the rate of generation
of 002, hence to the mte of transmission of 002, and thus to the gradient
(Pc - pé) in fig. 9. Thus equation 37 may be re-expressed asi-

(o, + py) > (2! + p!) - 23K'M (38)
where K' is a proportionality constant.

(po + Pc) can thus vary between (p; + p'c) if metabolism
has stopped (M = 0), to the other extreme where chemical reaction offers no
resistance to conversion. In this case every oxygen molecule reaching the
necessary site in the cell is immediately consumed so reducing the local

oxygen tension to zero.
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If P, = 0, equation 38 gives (Pc - p:}) = p:i/% when
(v, + Bg) = p!/2 + pl.

Hence (p ot pc) cen lie anywhere between (p") + P:a) and
(p!, + p!/24) depending upon the metabolic rate, i.e.

(e} + pL) > (o, + 1) > pl, + pl/2k (39)

Moreover, (p° + Pc) will also vary between these limits
according to location along the concentration gradients. Whether resorting
to the very complex mathematics used by Blum (1960) for estimating conoen=
tration profiles around capillaries under steady-state conditions, or
keeping to the model of the less regular geometry advocated in this thesis,
there should be a marked decrease in total tension in going from the cell
membrane to the site of reaction. This is consistent with the experimental
measurements of Davies and Bronk (1957) who have demonstrated a rapid
decrement in 02 tension around cgpillaries.

Without knowing the identity of the critical tissue
type, and hence its metabolic rate, no expression for (po + Pc) more gpecific
than equation 39 can be derived. Thus the estimation of (p ot Pc) is largely
a matter of determining the total venous tension (p; + p":) as the maximum,

or worst possible case for phase separation.

5665 Venous tension of carbon dioxide

The arterio-venous difference for CJO2 is determined by
the quantity of that gas entering unit volume of blood, i.e. it is a function
of the metabolic rate, the blood flow and the physico-chemical characteristic

of the blood perfusing that tisswe. If the circulation and metebolic rates
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are constant, the A=V difference for carbon dioxide should be constant
also. Moreover, the rise should be roughly independent of the arterial
tension of oxygen since the only source of (JOz is its generation in the
tissue.

Thus little error should be introduced, relative to
normal diving pressures, by assuming that the venous tension of (JO2 is the
same for the same exercise level at all depths, i.e. equal to its surface
value which is quoted as 46 mm. Hg. by Keele and Neil (1965).

Thus p} = L6 mm. Hg. (40)

Although not identified, the criticael tissue type should
conform to the above equation since it would seem fair to state that the
total cardiac output is distributed, and controlled, such that each tissue
is perfused in accordance with its metabolic demands. Moreover, such
circulation is regulated (Johnstone, 1966) to accommodate any change in
those demands, the opposing effects of metaboliam and local blood flow

tending to reduce any error in equation 4O.

5.66 Venous tension of oxygen

The cells of a tissue must consume a certain quantity of
02 to function normelly. If this demand for oxygen by the critical tissue is
talen as the average for the whole circulation, for the same reasons as ex-
pressed for 0O, then the consumption per unit volume of perfusing blood (figs
10 and 11) is given by:~
Qy = Qy = 415 ml. O /ml. blood (1)
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Q_A_ and Q‘, are the quantities of 02 conteined in unit
volume of arterial and venous blood of the seme haematocrit value (saturated
Hb containing 20 ml. O /ml. blood).

For a given exercise level, the metabolic demand should
remain independent of depth, and hence equation 41 should hold irrespective
of the absolute hydrostatic pressure. The derivation of a quantitative
expression for venous oxygen tension therefore reverts to the problem of
relating the capacities of arterial and venous blood to their respective
tensions.

The affinity of oxygen for blood is fully covered by
the classical work of Roughton (1963) who displeys its uptake as a number
of successive reversible chemical reactions. The capacity versus tension
curve is then expressed quantitatively in terms of the equilibrium constents,
and other perameters, of those stages.

However, the accurascy gained by use of Roughton's
equations in this case would hardly Jjustify the associated mathematical
camplexity. Moreover, such a comprehensive description of the whole curve
(fig. 10) by ore equation is not necessary in diving sinces=

1« The arteriel tension of oxygen is always in excess of 100 mm.
Hg, such that no more than a 3% error is introduced by assuming the haemo-
globin to be 1006 saturated. Xeele and Neil (1965) quote 95% for 100 mm.
Hg partial pressure.

Thus Q, & 20 + 8 Py, ml. Oa/ml. blood (42)
where SP is the solubility of oxygen in serum and PB is the arterial

oxygen tension,
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2, The venous tension of oxygen should not exceed 60 mme. Hg,
since the risk of convulsions (section 1.45) rule out any diving in which
the arterial tension exceeds about 1,500 mm. Hg. 60 mm. Hg. is within the
steep linear region of the curve shown in fige 10 of oxygen uptake for a
CO2 tension of 4O mm. Hg.

The venous tension may be expressed as a linear function
of the oxygen capacity by extending the linear region of the experimental
sigmoid curve for the Hb - HbO, system. While any error in extrapolation
will be discussed later, the data of Keele and Neil (fig. 11) would indicate
that the steep linear region can be expressed by:-

Q O.1+6(pé - 6) + Sp.p:) ml. 0,/ml. blood
Teking their velue of sp = 0,003 ml. O,/ml, blood mm. Hg. tension,

Qy * 0.463 p! - 2.76 (43)
while equation 42 becomes Q‘ & 20 + 0,003 Pé
Making the gbove substitutions for Q’V and Q N in equation 41,

pL ™ 40.3 + 0.006 P! mm. Hg. (L4)

An indication of the .smallness of the error involved
in reducing the blood dissociation curve to two linear stages, may be
obtained by considering the case of ground level. For Keele and Neil's
(1965) arterisl tension of P! = 100 mm. Hg., equation W4 gives p! = 40,9
which is very close to their experimentsl venous value of 40 mm,. Hg.

In section 5.12, P") was derived in terms of the
absolute hydrostatic pressure es:-

P! o (1 -x)(® - pw) mn. Hg.
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Eliminetineg P:) fram the two vreceding equations:

pa & L0 + 0,006(1 = x)(P = 46) mm, Hg. (45)
takdng p_ = 46 mm. Hg. (equation XVII).

5.67 [Total intracellular tension
Combining equations 4O and 45,
(p") + pé) = 86 + 0,006(1 = x)(P - 46) mm. Hge. 46)
Substitution of this expression and equation XVII in equation 39 now gives

the total of 002 and O2 tensions in the cell asg-

86 + 0.006(1-x) (P-46) > (p+p) > 2.5 x 10 (1=x) (P-46) + 46 mm. Hg.
While the sbove expression refers to steady-state conditions, the only terms
which can very under transient conditions are those vhich are functions of
P, i.e. 0.006(1 - x)(P=46). However, 0.006(1 = x)(P - 46) is almost
negligible with respect to 132, For air at atmospheric pressure, P = 760
mn. Hg, and x = 0.8, giving 0.006(1 - x)P = 0.9 mm. Hg which is certainly
negligible with respect to total tension. Hence a negligible error is
introduced by reducing the ebove expression to:-

86 > (Po + pc) > 46 mm. Hg.
Incorporating water vapour according to equetion XVII,

132 > (p + P, + pw) > 92 mm. Hg. (xvIIiI)
Thus the total tension of gases (p + P, + Pc + pw) at a point in the
cytoplasm, radial distance (r) from the axis of the nearest capillary, is
given by:-

132 +p>(@+p, +p,+2) >p+ 92 mm Hg,
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But p is the sum of the equilibrium value for the initial state (P = Po)
and the transient compornents for subsequent changes in P. In section 5.12
the initial level is given by p = x(1=o - pw), while the transient changes
can be determined by equation XI, giving a total inert gas tension:-

p = x(B - 46) + 2 x(&P) ® (r,t)

Thus, for a single rapid compression from P = Po to a
'bottom pressure' (P = Pb) at time t =0, AP = P, ~ P, giving the total
transient point tension at radius (r) asi-
(p+ptpo#p,) = (Potp o) + x ( (B 46) + (B =P)) @ (r,t) ) mm. Hg.  (XIX)
where ®(r,t) is given by equation XI.

For the particular case of inert gas equilibration
(t = ), ®(r,t) = 1, when equations XVIII and XIX gives-

92+x(P-46) < (p+p °+pc+pw) <132 + x(P46), for all values of r. (47)

Hence (p+p°+pc+pw) <P if P > (132=46x)/(1=x)

For air (x = 0.8), the absolute pressure should
exceed the total tension of all volatiles for P > 476 mm. Hg.
Thus, even when the inert gas has come to equilibrium, there
should be an 'inherent unsaturation' for any absolute pressure
in excess of a particuler value (a threshold of 476 mm. Hg in
the case of air).
Sumarising the foregoing mathematical derivations,
this 'inherent unsaturation' arises from two sources:=
1. Metabolism, by which a gaseous substance (02) is converted
into another of much higher solubility (002) in comparable molecular numbers.

2, The equilibrium characteristics of the reaction

Hb +02‘—:H'b02
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enhanced by the metabolic demand for oxyvgen being well in excess of that
conveyed in physical solution by the plasma in arterial blood., Thus
capillary 02 tensions should fell very rapidly to below 100 mm. Hg ,
whatever the alveolar 02 tension, in order to permit supply of the bulk
of the required oxygen by chemical dissociation of oxy-haemoglobin. This
should hold for all 'convulsion-free' cases where the venous tension lies
within the sigmoid region of the oxygen 'capacity versus tension' curve for
blood. This is illustrated in fig. 10 where equal metabolic usage ()
would reduce widely differing arterial oxygen tensions (A1 and A.z) to very
similar venous tensions (v1 and vz).
Defining the inherent unsaturation (&p) as:-
@p) = P - (p+p +p+P.),
equation 47 would predicti-
(1-x) P = 92 + 46x > (Op) 2 (1=x) P = 132 + 46x mm. Hg. (48)
For practical dives (92 - 46x) or (132 = 46x) are
very small by comparison with (1 - x)P.
Before discussing the important implications of an
inherent unsaturation, increasing linearly with external pressure, it is
imperative to ascertain that such a mathematically-derived concept is

reconcilable with practical observations.

5068 Practical evidence for unsaturation at ground level

The feature of this 'inherent unsaturation', is that
it persists after sufficient time has elapsed to enable the inert gas to
equilibrate with tissue and for the metabolisable gases to re-attain steady-

state conditions. Originally, it was overlooked by meny workers who estimated
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nitrogen tensions as the difference between total absolute pressure and

the sum of the other gases which can be readily estimated by chemical means,
as described by Peters and Ven Slyke (1932). However, this differential is
nowwell recognized (Rehn, 1961), the following list giving typical values

for mixed venous blood quoted by Piiper (196%39.

co 46 mm. Hg.

0? 41 mm. Hg. Subject breathing
H8 47 mm. Hge air at 760 mm. Hg.
ﬁ 5?14- mm. Hge

Totil J08 mm. Hg.
The net unseturation is thus 52 mm. Hg. Aksnes and Rahn (1957) obtain a
value of 54 mm. Hg for the mixed venous blood of dogs.

Lategola (1964) has demonstrated the development of a
negative pressure of 41-48 mm. Hg , with respect to atmosphere, within rigid
capsules implanted in dogs. More detail of his method is contained in
section 6.42.

However, Lategola makes the surprising statement that
his silicone rubber membrane does not pass water vapour. This would seem
most unlikely from the writer's survey of manufacturer's specifications.
Moreover, it would invalidate his claim to have measured the total tension
differential with respect to the atmosphere, the implication being that he
has merely measured the vapour pressure of water at body temperature - 46
me. Hg compared with his readings of 41-48 mm. Hg.

The inherent unsaturation would seem to be well
demonstrated by the extent of decompression which the body can tolerate

before any indications of phase separation can be detected. These includeg=
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1¢ X-rey data such as described by Ryder et al (1945) who
found the first indications of any change with serial dscompression occurring
at an equivalent altitude in the region of 12,000 feet., This corresponds to
a threshold pressure (section 5.67) of 483 mm. Hg.

2. A menameter connected to the spinal cord of two men showed
a sudden increase in the volume of spinal fluid at simulated altitudes of
10,500 feet (512 mm. Hg) in one case end 12,000 feet in the other. These
values, recorded by Walsh (19441) and Boothby et al (1940), seem indicative
of the onset of gas phase separation. Similar pressures have been recorded
by Armstrong (1939) for goats.

3s The above pressure range also represents the minimum altitude
at which bends have been recorded (Allan, 1945), Eggleton et al (1945)
quoting 12,000 feet (483 mm. Hg ) as the value "below which ill effects of
any kind are rare",

The above list indicates that the gas phase is established

for pressures of 483-512 mm. Hg , which is consistent with the threshold of

L76 mm. Hg derived theoretically in section 5.67.

5.69 Evidence of unsaturation for pressures sbove atmospheric
Having rejected the conventional concept of limited

supersaturation (section 4.34), it is essential to find an alternative
driving force for desaturation following decompression. Since this could
be provided by the ‘inherent unsaturation', it is essential to ascertain
whether such a tension differential would increase with depth - as forecast

by the basic physical chemistry, and expressed quantitatively by equation 48.
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While there seems little doubt that an inherent unsatura-
tion of at least 43 mm. Hg exists at ground level, no mention could be found
in the literature to its direct measuwrement or prediction at higher pressures.

The best indirect evidence is provided by Lembertsen et al
(1953) in their studies of the effect of hyperbaric oxygen upon brain. For a
rise in arterial O, tension from 26 to 2100 mm. Hg, the venous 0, tension
increased from 17.8 to only 75 mm. Hg.

For x = 0{100% 02) and P! = 2100, equation 4 gives p! = 57 mm. Hg.

This difference of 418 mm. Hg is negligible with respect to
the total effective oxygen contribution of (P:) - p(')) = 2025 mm, Hg towards the
inherent unsaturation. This amounts to less than 4% of the minimum unsaturatior
of 1968 mm. Hg predicted by putting x =1 and P = 2100 in equation 48.

While no other evidence could be found as convincing as
the above, it is interesting to note that the foregoing equations can be used tc
predict the O2 tensions of renal pelvic urine, so collected to minimise the
effect of any chemical reaction with oxygen. For dogs exposed to increased
barometric pressures the correlation is given in table 9 for the data of
Rernie et al (4 958).

URINE OXYGEN TENSION IN DOGS

wrcen tensions in mme Hge Erx;or -
oy s W3 1 . 70 of
Inspired O, Urine 02 P equation 345 e ey
150 35 145 L0 saturated
760 39 1 147 I 0.6%
1140 57 4741 0. %6
1520 77, 76 49,1 147
2280 86 60.0 16450

TABIE 9

Many workers have searched for bubbles by dissecting decom~

pressed animals. With cessession of the circulation upon death, it would seem
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reasonable to suppose that the tissue would consume every available molecule of
oxygen, such that the upper limit for fp in equation 48 would apply.
This gives the inherent unsaturation in cells asi-
e (1 - x)P = 92 + 46z mn. Hg

The unsaturation in living cells in an animal living in
eir (x = 0.8) at 3 pesei. gauge (N5 mn. Hg) would thus be 128 mm., such that
phase separation should be initiated by repid decompression upon reaching N 5-
128 = 787 mm. Hg. It is thus regarded as most significant that 3 p.s.i. gauge
is the minimumn presswre fram which Harris ot al (1945b) were able to detect
bubbles upon dscampressing rats to atmospheric pressure (section 4.32). The
27 mm, Hg difference mey be attributed to lack of inert gas equilibration
following the 3 hours or so for which he hsld his animels at the higher pressure,
or to the excess pressure drop necessery to produce sufficient gas to be visible,

More direct evidenoce supporting the concept of an
®inherent unsaturation®, increasing linearly with absolute pressure and
mole frection of oxygen, is provided by the experimentel investigation
desoribed in section 6.4, The results are consistent with equation 48.

5.7  IRANSPORT FOLIOWING DECOMPRESSION

5¢71 The total driving force

The pressure of the gas separating from solution in
tissues can only exceed that of the surrounding atmosphere by the small terms
accounting for surface tension and tisswe elasticity. The latter should not
exceed a totel of 200 mm. Hg (equation IV). Apart from these minor adjustments,
the totel tension of all components of the seperated gas must therefore equal

the absolute hydrostatic pressure.
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However, soon after decompression to an ambient
pressure P, the blood will reach another steady-state condition as
determined by the new depth (equation 48).

A few cycles of the blood should then be sufficient to
re-establish the inherent unsaturation with respect to

the new absolute pressure and, therefore, with respect to

the separated gas. Hence there should be a total tension
differentiel between cepillary blood and the separated gas,

or any embolism into which it mey be congregated. The
immediately adjacent agueous layers remaining in equilibrium
with the separated gas, the above differential would constitute
a driving force for the transport of gas tc the cepillary.

This would cause any film or bubble to redissoclve graduelly.

The system, as visualized for the worst possible case,
is illustrated by the radial transient mass balance illustrated in fig. 12
(graph 2). In this diagram, the driving force for tissue desaturation
following decompression is that designated &p since separated gas cennot
contribute to a point tension but merely serves as a reservoir maintaining
that tension at the value for phase equilibration until it is exhausted.

The inherent unsaturation would thus have the effect
of ®"nibbling" at the separsted gas as illustrated in fig. 12 (graph 3).
For decampressions from dives of short duration this should occur at both
inner and outer boundaries of the annular zone of nucleation, since regions
more remote fram the capillary could still be relatively unsaturated.

However, before the movement of separated gas to the
capillaries can be placed upon a quantitative basis, it would seem

imperative to ascertain the redistribution of individual tensions by

virtue of the phase changes.
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5¢72 The metabolisable gases

Since the boundaries of any cavity in tissue, are
aqueous fluids, the partial pressure of contained water vepour in the
gas phase should rapidly re-equilibrate to the saturation value at body
temperature following eny change, i.e. P, = 46 (equation XVII).

Oxygen is somewhat similar in so far as any excess
over the normal tension would be repidly consumed by locel metabolism.
This rapid re-adjustment should be greatly facilitated by the finely
dispersed state in which gas should be deposited by decampression, resulting
in very short diffusion paths to the nearest site of its assimilation by -
chemical reaction.

Cerbon dioxide, however, must be vented to the capilleary,
but its solubility in aqueous tissue is some 47 times that of nitrogen
(Perry, 1950). Hence any CO_ in the separated ges, in excess of the
normal tension in the cytoplaam, will be repidly dissipated relative to
Nz' This is justified by the fact that equal drops in nitrogen or carbon
dioxide partial pressures in any bubble would require the loss of equal
numbers of molecules. However, equal tension gradients would represent
a b724 COZ:N2 ratio for the concentration gradients, and concentration
gredient is the parameter determining diffusion rates. The diffusion
coefficients are of similar order.

Hence the above arguments indicate that HZO, 02 and
CO2 tensions in any separated ges will revert to their normel values in
the surrounding fluid far more rapidly than any inert substance, and may

thus be expressed by equation XVITI, i.c.i=
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132 >(p°+p°+p“)>92m.Hg.

Since the foregoing deduction is theoretical, it would
seem desirable to obtain soame practical justification before continuing
this approache The best experimental data for this purpose is probebly the
enalysis of subcutaneous ges, where surface tension effects mey be ignored
since the zas pockets are relatively large, i.e. y > 1.42 microns in

eguation III.

5.75 Bubcutaneous gas asnalyses

The very rapid equilibration of carbon dioxide relative
%o nitrogen has been demonstreted by Campbell (1924), whose analyses of
samples of 500-1000 c.c. subcutaneous injections of sair showed that the
CO2 tension rceches a steady 50 mm. Hg vithin minutes. The N2 was not
completely absorbed for 20 dayse

The oxygen tension fell from 150 to 50 mm. Hg in 10
hours, reaching a steady value of 20-30 mm, Hg after 1%=3 days, indicating
an absorption rate spproximetely 10 times faster than that of N 2° This
factor should be greatly increased for the finer dispersion afforded by gas
sevarating from solution by decompression, where a relatively larger zone of
tissue could receive its oxygen for metabolism from the gas phase reservoirs.

While Campbell has used rabbits at atmospheric pressure,
his results are largely confirmed by Coryllos end Birnbaum (1 932) using dogs.
Moreover, the steady tensions of carbon dioxide and oxygen are in close
sgreement with velues of 50 mm. (002) and 20 mm. Hg (Oz) recorded by Van

Liew (1962) when analysing injected gas equilibrated with rat liver.
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Taking water vepour as the saturation value (46 mm.
Hg ) the above experimentel results givei-

Poh Py + P = 116 to 126 mm. Hg.

This experimental renge lies well within the limits
rredicted theoretically by equation XVIII, and so enables those limits to
be narrowed. The worst possible case, corresponding to the maximum phase
separation, thus ocours wheni-

P++ P + p_= 126 m. Hg. (xx)
o Fo T ¥y

While surface tension may be ignored for large masses
of gas, elastic deformation mey not. Allowing 10 mm. Hg for this effect
(see section L-.45), the tension of N, in the separated ges must therefore
equal (P + 10 = 126), giving a value of 64l mm, Hg for P = 1 atmosphere.
On a dry ges besis this would imply a nitrogen fraction of 644/(760 = 46),
or 90.4% N o This is in good agreement with the experimentel value of e
quoted by Rahn (1961).

The metebolic rate should increase with exercise such
that (po + P+ pw) should epproach the lower limit given by equation XVIII.
Teking (p  + Py * p“) = 92 mm, Hg , the nitrogen fraction for exercise -
should amount to (760 + 10 = 92)/(760 = 46), or 95.1% on a 'dry gas' basis.

Blinks et al (1951) quote a value of 95 N, for the
analysis of bubbles taken from guinea pigs exercising et atmospheric
pressure. Similar experimental values are quoted for rats by Harris et al

(19u5¢) .
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5¢7% Driving force for the inert gas
The preceding correlations, which support the validity

of equation XVIII, refer to systems in which large amounts of gas have been
injected. The curvature of the gas-fluid interface is thus so small that
the pressure differential attributable to surface tension is negligibls,
The same exrgument should epply to initisl gas sepereting from solution by
decompression provided 1t is dsposited as films following the more gradual
contours of lipid=aguous boundaries (see eection l.k4). Moreover, prior to
coalesscence, or congregation of this gas, no apprecisble mechenical stress
should be created by elastic deformation of the tissue. This is contrary
to the foregoing case.

When both ‘mechanical! terms in the pressure balance
expressed by equation III are neglected, the totel tension of all gases
in the bubble must equal the hydrostatic. BSubstituting for 0' » 00. and
H‘O partial pressures according to equation XVIII, orne obteins the tension
of irert gas in the seperated gas (P)Bll ast=

P-92> (p)g,, >P - 152 m. H.

However, the tension of inert gas in the cgpillary

(p)r <  i® given by equation V asi~
(p)r ca " B = x(P = 46) mm, Hg.

Since x € 1, it can be seen from the above expressions

that (;p)g&s > (P)r < g &, moreover,

(1-x)P—92-)+6x>((p)gas-(p)r‘a)>(1-x)P-132+1+5x

Hence it can be seen from equation &8 thet:-
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= ), = A
iee. the driving force for venting separated inert gas via the capillary
is identical to the inherent unseturation. Buch a differential would be
increased with increase of the 'mechanical' terms in equation III as

coalescence proceeded. The most conservative estimate for staging is thusi-
@)= (), ¢ o= @) = (1 = x)P =132 + 46x um, Hge  (XKI)

The above expressions imply that within a few cycles of the
blood following a decompression which ceused, or has increased
gas phase separation, the driving force for venting this gas to
the atmosphere is equal to the “inherent unsaturation".
Moreover, equation XXI indicates that this tension
differentiel is of sufficient magnitude to account for an spprecighle loss
of gas during staging (Ap = 224 mm. Hz for x = 0.8 and P = 2 atmospheres).
Hence it would seem reasonebls to claim this blood-bubble tension
differential as the true driving force for venting gas fram
tissus following phase separation, thus obviating the need to
retein the conventional concept of limited supersaturation which
1s at veriance with so many aspects of diving (section 1.6).
If this deperture fram conventional reasoning is

correot, then it is particularly significant that & should increase with P,

575 Ihe feature of the thermodynamic approach

In the foregoing sections it has been shown how an
inherent unsaturation, arising from the differential solubility of the
metabolisable gases in both blood and tissuse, may become the main source
of the driving force for inert gas removel following phase separation.
While the conventional 'supersaturation' approscles assume the greatest
bubble=-blood tension differential for the lowest absolute pressure

(equation &), the reverse is predicled by equation XXI. This comparison
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is illustrated in fig., 12 (greph 2) by-Op for the latter case as opposed
to the tension differential between cepillary end peek extravasoular
tenaions for the conventional spproaches, i.e. only gas in true physical
solution can contribute to ths driving force.

The gpproach developed in this thesis would thus give reason

to dispute the accepted Naval practice of giving a diver a

large and rapid initial "pull" towerds the surface in the belief

that they are obtaining the maximum excess of tissue over blood

tension. However, equation XVIII would recammend a larger

driving force, in the worst possible case, if the diver were

kept much deeper = particulerly dwring the initial stegings.

This fundamentel deviation from conventionel reasoning
represents the major contribution of this thesis, the ultimate test of its
validity resting upon 1ts abllity to predlct conditions for marginal
symptoms. Its practical implications are more serious in casting doubts
upon the proximity of the published deccmpression tebles to the true
optimal decompressions which the body cen tolerate.
While the foregoing analysis predicts the driving force

for losing ges following a phase change, the quantity of gas so eliminated
must be expressed quantitatively before testing the validity of this

reasoning upon diving data.

5¢76 Gas distribution following phase separation

Considering the model relevant to the worst possible
case (fig. 8) the radial distribution of total gas tensions, following a
dive of period 0 spent at a'bottom pressure' of Pb, is given by equations
XIX and XX ast=



If the diver is suddenly reised to a lower absolute
pressure (P), then the radial zones which becams supersaturated and/or
nucleated by virtue of this decompression are determined by the expression
for phase equilibration (equation IV). The inner and outer radii (1:'1 and
r, respectively) of this ennular region are then given byi=

126 + x (B = 46 + (B, - B )®(x,0)) = P + 200
r being the only veriable; the two real roots to the above expression

must determine r1 and rz'.

This is roughly checked by teking the case of an
‘effectively infinite' time (0 = ), spent at depth when equation XI for
®(r,0) gives r =aendr, =b as real solutions ifi-

x(Pb -46) PP + 7% mm. Hg ,

i.e. the nucleated/supersaturated zone is the camplete extravascular
region which one would anticipate for uniformly distributed inert gas.

The distribution of tension excess available for
phase separation (§) is then defined by:-

=x (P, =46~ (P, =P )0(r,0) ) ~P - 7% mn. Hg, (xoxIT)

Since it has been shown that bubble and tissue tensions
of the metabolisable gases resume their former values within a very short
time of any change, the tension excess represents the quantity of inert gas
coming out of solution. Thus the partial moler volume of inert gas
(reduced to body temperature) capable of coming out of solution in an

annular segment of unit length, and thickness dr, is 2m8fdr. However,
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the inert gas partisl pressure is (P+d"+2¥/z-po-pc-pw) or (P+74) mm. Hg,
campared with a total pressure of (P+200) mm. Hg. Thus the total volume

of gas, reduced to the above conditions, separating in that segment =

2111‘3‘1’4-200 !g dr.
P74

Maintaining the seme temperature, but applying Boyle's law to convert
from standard pressure (Po) to the ambient absolute pressure of the gas

(P + 200) mm. Hg , the corresponding volume (dv) is given by:-

E 2T (P4-200

o
av = (P+200) °* ~(P+7
Hence the total volume of gas coming out of solution for thermodynsmic
equilibrium, i.e. that separating within the annulus r = :c'1 tor = r, is

given bys- -
v 2 P2mS&r
1

Substituting for £ according to equation XXIT,
oS 22 -
v e -(_M?o [ r l;x@o-lb-e-(P.b-Po) «r, e))—P—?h.] ar (JD[III)
1

This expression gives the total volume of all gases liberated within a very
short time of decompression for thermodynamic equilibrium throughout the

zone.

577 Gas elimination following phase separation

However, upon waiting at the new pressure P, the
separated gas will be gradually "eaten away" under the influence of the
re-established bubble-blood driving force defined by (p)gas - (p)r <a
for which the most conservative estimate is given by (&p) in equation XXI.
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Thus r1 will siowly increase as the gas is redissolved at its site of
separation. Unless r, = b imrediately after decampression, r, should
decrease very slowly as the region b 2 r 2 r2 approaches saturation.
These movements of r end r, are illustrated in fig. 12 (graph 3).

Mathematically the phase change introduces two
transition points in the total tension versus radius curve, the resulting
discontinuous function rendering analysis very difficult if not
impossible. There would thus appear to be two courses of action open to
obtein a solution:-

1« To build an analogue to simulate the exact system or to
resort to numerical methods. The former approach has been adopted since
much cf the cruciezl date is very irregular - particulerly where a diver
has been towed over the uneven bottom of the sea bed and decompressed
suspended fran a drifting boat in tidal chennels. It is felt that the
history of such dives is more easily fed mechanically to an analogue than
programmed for a computer,

2e To make large approximations. Although these could in no
way compete with the previous suggestion, the unsaturation developed in
this thesis is so directly opposed to the conventional approaches that
any approximate method should be sufficient to give a preliminasry indication,

Justifying the building of an analogue based upon those principles.

5.78 An approximate method

Since the separated gas acts as a reservoir at constant

tension, and the capillery tensions are constant, the loss of the inert
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volatile component to the blood should conform more closely tc steady-
state than the transient conditions expressed by equation 35.

If it is assumed that gas is deposited at the same
effective mean radius (r) for each decampression, then the rate of loss
of inert ges (reduced to S.T.P.) is given ast-

&L . zmEp(op)/108(/e)
i.e. ot s g ORI
a(b%=a®)  (b=a’)log(r/e)

In the worst possible case (Op) will assume its
smellest value. This will occur for elimination prior to coalescence,
when the minimum value of Ap is given by equation XXI.

Thus for m stagings following phase separation,
consisting of time 7'1 spept at pressm P1 etc. (as per the ca.se. without
nucleation - section 5.58), the total inert gas eliminated per unit
volume of tissue is given bys-

_ 2.=s132:(Ap)m'rE oSp2r L((1 =x)P_1 32+46x))
" (b2=a?)10g(7/a) ) (b°-a?)1og(x/a)

substituting for (&p) according to equation XXI.

g’ (xxzv)

Equation XXTIV is the appropriate expression for g!
when phase separation has occurred, while equation 35 applies when it
has not. Since these expressions summerise the derivation of the thermo-
dyxiamic from conventional approaches, it would seem opportune to campare
their interpretations of elimination data before proceeding to the final

quantitetive step of this theoretical synthesis.
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5¢79 Oxygen 'wash-out' with decompression
The 'wash-out' of nitrogen from the whole body has
been recorded by Willmon and Behnke (1941) for various exposures and de-
compression stages. Their results are quoted in table 10,
The selient points of agreement with the proposed
hypothesis axes- ‘
te The random nature of values for the same decompression where
equilibriun conditions are exceeded according to equation III, i.e. random
nucleation in runs vii~x.
IERT GAS 'WASH~OUT' WITH DECOMPRESSION

(Data from Willmon and Behnke, 1941)

Exposure Depth Now CeCoe Nz eliminated
No Time |Depth |of stop of at stop at surface | Total
*  [(mins.)|(feet) | (feet) |tests |(3-30 mins.)|(33-90 mins.)
(1) 75 100 20 1 14,78 834 2312
éii) 75 100 50 2 1533 957 2590
iii) 75 100 100 2 1415 739 2154
iv) 30 100 Ly 1 1343 548 1891
v) 30 100 50 1 1312 565 1877
vi) 30 100 66 1 1304 522 1863
?rii) 30 100 0 1 626 401 1027
viii) 30 100 0 11 119N 4S9 1690
ix) 30 100 0 1 892 856 1748
X 30 100 0 1 1147 511 1658
TABIE 10

NeBe 3 mins. is taken to reach the stop, and a further 3 mins. from
stop to surface.

2¢ Almost constant elimination rates where such equilibrium
conditions were not exceeded, i.e. runs iv-vi,.

3. Elimination rates for 'wash~out' without phase separation
should be greater than those in which it has occurred, since g' predicted
by equation 35 exceeds g' estimated by equation XXIV, i.e. values for runs
iv-vi exceed those for runs vii-x, and the rate in run (1) exceeds that in

run (ii).
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The only apparent anamaly is run (iii) in which the
rate of elimination of N2 is slower than runs (i) and (ii). However, 30
mins. at a partisl oxygen pressure of 4 atmospheres is well into the
_danger zone for convulsions (section 1.45).

Thus the overall approach would seem consistent with
the data in table 10 and the decreased rate of 'wash-out! of N2 recorded

at altitude by Jones et al (19%42).

58 PREDICTION OF MARGINAL SYMPTOMS

501 Total gas separating from solution

While the volume of gas separating from solution is
given exactly by equai:ion XXIII, it becomes very difficult to perform the
recessary integration without resort to graphical methods. Such
difficulties are greatly enhanced when it is necessary to analyse any
procedure other than the simple decampression to which equation XXIII refers.

While the pneumatic analogue (section 6.6) can largely
accommodate such complexities, a repid analytical method is also desirable.
This is attaineble by a mass balance if it is assumed that the tissue
region remote from the nucleated zone (b 2 r 2 ra) reaches saturation
within the period for marginal symptoms to become manifest. This is
reasonable since such regions would tend to gain gas from the start of the
dive, and should have acquired a total tension of gases in excess of (Po +

200) mm. Hg when the (dive + steging + onset) times expire. Moreover,
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such equilibration would autamstically enahle the mass halanoe +o
account for the "nibbling"® effect at the outside of the separated ges =
as shown by a decrease of r, in fig. 12 (greph 3).

The problem is therefore one of estimating the loss

of separated gas from the other boundary of the nucleated zone (r = r D
1

5082  Allowances for metabolisable gases

In section 5.7 the partial pressures were calculated
for each constituent of the gas initially separating from solution.
However, for the onset of pain, the mechanical effects of surface tension
and elastic deformation cannot be ignored. Thus, according to the full
expression for mechanical equilibrium in the bubble (equation IV),
(p)bubble =P + 200 - (po + D+ pw) mu. Hg. Substituting for p_ + P,
+ Py according to equation XX,

() ubble P + 74 mn. Hg. (xxv)

But the total tension of all gases must equal the
absolute pressure of all gases (P + 200 mm. Hg). Hence, applying

Avagadro's law:-

00

(Totel volune of gas) = g : §+ (partial molar volume of inert gas) (XXVI)

5083 Mass balance with phase separation

A simple mass balance for the inert gas, expressed as
a volure reduced to standard pressure (Po) and body temperature, may be

effected for unit volume of the critical tissue type as follows:-
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Quantity of inert gas entering tissue at depth = g (section 5.54)
Quantity of inert gas leaving tissue during decompression = g'
(section 5.78)
Quantity of' irert gas in tissue before compression = x(Po-l¢-6)S teking
the alveolar value of inert gas tension (section 5.12) for P = P,
and p_ = 46 mm, Hg.

Thus the totel quantity of inert gas present in all
phases in extravasculer tissue, conforming to the worst possible case
(section £453), is g - g' + x(II?o - 46)S, expressed as volume units in
accordance with the defirnition of S.

But the inert gas tension in the separated gas is
given as (P + 74) mm. Hg in equation XXV. Since this is in thermodynamic
equilibriun with the inert gas in solution, in the worst possible case the
quantity of inert gas remaining in true physical solution = (P + 74)S.
Hence the maximum quantity of inert gas which can separate from solution

eEg-g + x(Po - 46)8 - (P + 74)8.

Applying equation XXVI to account for the contribution
to the total volume of separated gas made by 002, 02 and Hzo, the totel
quantity of separated gas =

Ergy (s- g+ x(e, - 46)8 - (2 + )8 )

But such quantities refer to the volume reduced to
standard pressure (Po) corresponding to the definition of solubilities
adopted in this text. IHence the net volume of gas separating per unit
tissue volume (v/V) under an absolute gas pressure of (P + 200) mm. Hg,

can be obtained by spplying Boyle's law asi=-
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508% Condition for merginal symptoms
Applicetion of the gbove equation for w/¥V to equation

II campletes the derivation of the final comprehensive expression defining
limiting conditions for the possible ococurrence of symptoms. Thus, at any
time after reaching an absolute hydrostatic pressure (P), by any decom-
pression format from a dive of duration (0) at pressure Pb’ marginal
symptoms can occur ifs-

P
'(;%7{;)' (g-g+ x(P _-46)8 -(P+74)8 )> &k (XvII)

Defining a crucial perameter for proximity to
symptoms (F) by:-
F=v/Ved/kK (XvIIz)
this will have a critical value (Fc) for the possible occurrence of

symptoms given by F, =@ t/K (xxx)

Fc should be a constent for a particular individual
of a given modulus (K value). Morever the use of such a constant, determined
experimentally, obviates moat objections to the inferred assumption that all
gas separating in one zone is coalesced to form the extravascular embolism
responsible for symptoms. The use of a critical parameter Fc presumes that
the volume of any bubble eventually formed is proportional to the total
volume of gas separating from solution at the final pressure.

The quentitative expressions of this whole approach can
now be summaerised, and each theoretical varieble reduced tc furdsmental

parameters.
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585 Summary of quantitative derivations

Page 177 Egquation XXX should read

F/Po= (9-9'+ x(Po- 46)S - (P+74)S) » Fc/po
(P+74)

in which, g = xS(Pb-PO)\ll(G) (xvI)

v WE) e o e 2 s ) )
((o/a)4) m=t (0" | @ ()0, ()~ 1 |

Oln being the nthroot, real and positive, of the equation
Jo(aan)Y1 (aocn) =Y o(aLan)J1 (ban) (VvIII)
A1l solubilities are expressed as a gas/liquid volume ratio per mm. Hg
partial pressure.

In equation XXX, g' can be similerly reduced to
fundamentel quantities for steges Tm at pressures Pm at which phase
separation has occurred,
29p3r, ((1-x)B - 32+46x)

(b%~a®)Log(x/a)

g' =~

5.9 DECGERESSION OPTILMISATION

5eH Object
The ultimate test of the thermodynemic hypothesis,

whose quantitative synthesis from fundamental parameters is summarised
in the foregoing section, lies in its ability to correlate prectical data.
If it proves successful, then the practical value of such a theory should

lie in facilitatings-
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1. The redistribution of the totel decompression time now
recamended to allow a greater margin of safety.
or 2¢ The revision of the whole decompression format to permit
divers to surface in the minimum time with the seme margin of safetye.

Since the occurrence or non-occurrence of symptoms

is the simplest test of any decompression, the second approach will be
followed here. However, any optimisation must be based upon same criterion
considered most pertinent to the parameter to be conserved - in this case

decampression time.

5¢92 Criterion for optimisation

Bqguation XXVII expresses the belief that it is only

e volume of gas present in the critical tissue type in excess of a certain
minimum velue which can give rise to symptoms. For a given dive, the
fastest overall decompression should thus be obtained if'se

1« Gas is permitted to separate from solution such that, in
the worst possible case, its final volume is just below pain-provoking
proportions. For the practical case of a diver returning to the surface
(® = Po), equation XXX gives the condition for safety as:-

g=-g - S(P°(1 -x) + T4 = 46x)
_(f’o + 1) <Fc/Po (oocT)

2o The gas initislly present in excess of the total tissue
quantity, from which this minimm volume could separate at pressure Po’

is vented under the meximum driving force for desaturation. The latter is
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greatest for the maximum hydrostatic pressure when phase separation has
occurred (Op in equation XXI). However, the reverse trend applies if the
pressure is increased beyond the thermodynamic equilibrium condition
(equation IV) such that phase seperation cannot ocour.

Thus the fastest elimination of the excess gas should
be effected by continuously edjusting the pressure such that the critical
tissue type is maintained just on the brink of a phase change. By this
means the total excess gas should be removed most rapidly over the highest
pressure range for which this condition is followed.

These criteria are sufficient to enable an optimal

decompression format to be defined quantitatively.

593 QOptimal decompression format

dccording to the foregoing reasoning, the thermodymamic

epproach would predict the shortest decampression time for & diver to retwurn
sefely to the surface by adhering to the following sequences-

1« 4 very rapid 'pull' from a bottom depth (H.b) to an
"equilibrium" depth (Hg) beyond which any further rapid rise to the
surface could cause phase separation.

2. & continuous decompression fram depth (Hg), mainteining
the system just on the brink of phase separation at the radisl distence
(r') where totel tensions are a maximm. Such a condition is 4llustrated
in fig. 12 (greph 5), this slow rise continuing until a "surfacing® depth
(1,) is reached.

3¢ Repid decampression to the surfece (absolute pressure Po)
fram Hs, values of the latter being selected such that phase separation
occurs to the extent that the volume of gas liberated at Po is just

insufficient to provoke symptoms.
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f exnresai

The prohlem now hecomes one
quantitatively Hg, H_ and the depth (H) versus t relationship for

H€>H>HS.

5% Quantitative expression

Upon completion of the duration () of a dive at a
depth H_, or absolute pressure of (H.b + 33) feet of selt water, the
maximum total tension at any point cennot exceed that of the region
immediately adjacent to the cepillary. However, this value will equal
the maximum atteinable with time (fig. 12, graph 1) which is the absolute
hydrostatic pressure less the "inherent unsaturation®. Thus it should be
theoretically possible to effect an instantameous decompression equal to
the "inherent unsaturation® without causing any phase separation for which
equation XXI givess=-

H - He = 8p = ((1 - x)(E, + 760) - 132 + 46x) mm. Hg.

Reverting to pressure and tension units of feet of
salt water gauge (s.w.ge), where 33 feet (s.w.g.) & 760 mm. Hg, the ebove
expression gives He ass-

He = i = 27.3 + 31 .0x feet (seWege) (49)

The depth for direct surfacing (Hs) is determined by

residual gas available for separation, i.e. writing equation XXXI asg:-

!g - E') ol sgg.s;‘l - % -OE)_ = F/PO (50)

where (g - g') is now given, for the total decampression time (T), by

equation 35 since no phase change has occurred, i.e.s-
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Hs
6= ') =8| B¥O+7) - (5, = HQ) ¥ (D) -[ww—rm] (1)
€
The relationship between H and t is dependent upon

continuous location (r = r') of the peak total tension which should

coincide with that of maximum inert gas tension p', i.e.

2
p-p'forr-r'w}wre-gE-Oand-g;E<0 (52)

While no analytical solution could be found to
equations 50-52, approximations do not seem warranted at this stage in
view of the ease with which optimisations can be determined using a

thermal analogue (section 6.5).

595 Experimental Jjustification

From a semi-quantitative survey of the foregoing
expressions, the thermodynamic approach would predict an optimal decam~
pression from a 200 foot dive comprising:-

1« Rapid decampression to 157.5 feet compared with a maximum
of 83.5 feet suggested by conventional theory.
2o Continuous decompression fram 157.5 feet to a depth of 20~
35 feet, depending upon the individual.
3¢ Direct surfacing from 20-35 feet compared with the conven-
tional final 10 foot staging (U.S. Navy, 1964).
While these represent drastic changes from conventional procedures,
the thermodynemic epproach would appear to be in for closer agree-

ment with the purely empiricel methods devised by native pearl
divers (Appendix I).
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Thess wen inveriubly surface direcily from the
depths of 25-40 feet. The fact that such dives are regularly performed
in the sea is the strongest evidence in favour of the thermodynamic
approach. However, an exact quantitative correlation might be better
postponed pending consideration of some experiments designed to test the

more fundsmental aspects of the hypothesis.
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EXPERTMENTAL,
6.1 EERSFECTIVE
The literature contains a wealth of practical data of the most
varied nature upon which to prove or disprove any hypothesis for decam—
pPression sickress. One of the major tasks of this thesis hes been the
collection and organisation of this mass of information which is so
conflicting in many of its published interpretations. It is therefore felt
that the practical approach is better directed towards devising conclusive
experiments to test the salient features of the hypothesis. The vital
questions would seem to bes-
1¢ Is cavitation at liquid-liquid interfaces as random as
recorded for the other cases of suppressed transformation?
2. Is a single tissue as heterogenous in its transport
properties as its histological appearance might indicate?
3+« Does the diffusion coefficient of inert non-poler gases
in cytoplasm differ fram the values for the corresponding substances in
water by the same large factor recorded for ions and polar compounds?
L, Does the inherent unsaturation increase linearly with both
absolute hydrostatic pressure and mole fraction of inhaled oxygen as the
physico=chemical analysis would predict?
The other phase of the work in which experimentation
would seem desirable is the building of analogues fors-
4 Predicting optimal decompressions with the object of testing

any predictions upon animals which are similar to man in their susceptibilit

to decompression sickness.
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2. Angolysing the wealth of diwing
mathematical approximation.

The latter is probably the more important for a

hypothesis whose potential value lies in the quantitative nature of

its expression.

6.2 CAVITATION AT LIQUID-LIQUID INTERFACES

6.2 Preliminary investigation and precautions

Preliminary decompression of water, in contact with
either olive oil or liquid paraffin, indicated that when cavitation
occurred it did so at the liquid-liquid interface. However, it was almost
impossible to be certain that no micro-bubbles were present before
decompression.

To help overcome this difficulty the procedure wes
adopted of feeding the denser liquid in through a tube to the bottom of
the vessel containing the lighter liquid, whose upward displacement created
a fresh phase interface. This precaution was intended to give direct
liguid=liquid contact. Attempts to verify that all gas occlusions had
been eliminated took the following formss-

1 Pairs of liquids were taken of almost equal refractive
indices such that any micro-bubble present before decampression stood
out clearly when the interface was strongly illuminated and viewed from

an angle oblique to the direction of light transmission.
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2 The extinction angle of the interface was measured and
verified as that for direct contact between the liquid rhases, and not
that for total internal refraction at an intervening gas layer.

The first method is particularly applicable to
detecting micro-bubbles while the second is directed at films of gas,
Adam (1930) stating that the reflective powers of a liquid surface are

changed by even a monomolecular layer of gas.

6.22 Apperatus

The foregoing optical requirements effectively
determine the dimensions of the oell for the liquids as having:-

1¢ At least ore flat face for straight illumination by
light transmitted parallel to the interface.

2, A circular section such that liquid-contaimer and
contairer-eir boundaries exist which are perpendicular to the path of
light transmitted fram the centre of the container. The walls would then
have no influence upon the extinction angle measured et that point.

4 cylindrical form is thus suited to both requirements
provided the cell is filled such that the liquid=liquid interface
coincides with the geometric axis. A machine drewing of the final design
is given in fig. 13. Other features of the cell are the use of only one
gasket and its construction from a herd colourless copolymer (Hills, 1965).

The equipment for pressure control and measurement is
very simple = as shown in fig. 14. Various degrees of decampression are
maintained by balancing the continual bleed into a 2=litre buffer chamber

egainst its exhaust to a vacuum pump,



Many substances were tested in an attempt to find a
suitable system for investigating cavitetion at the gel-~oil interface.

The only boundary sufficiently smooth to give a recogniseble mirror image
of simple objects was obtained by running a 206 solution of calf=-skin
gelatine at 50-60C into liquid paraffin. Upon cooling to roam temperature
the required gel-oil interface was formed. Using a telescopic eyepiece
mounted in a frame to ensure its aligmment with the cell axis, en
extinction angle of 43° to the normal was recorded for the interface.
This corresponded closely to values measured for the individual phases by
en Abbé refractometer of Hog = 1obk65 and B = 1.3377 et 25°C, since
cosec ¥ (1.4465/1.3377) = 43.7% U, end b ere the refractive indices
of paraffin oil to air and 20% gelatine solution to eir respectively.
Every time this method of filling was used the seme result was obtained
indicating a direct gel-oil interface,

When the reverse procedure was used, i.e. pouring the
oil on to the gelatine solutivn, an extinction angle of 67O was recorded.
This corresponds to an angle of cosec lfl-oa = cosec ' {.4465 = 67.1°
implying an air film at the gel-oil interface.

Placing the eyepiece at 55° to the normal, ten
decompressions to minus 20 inches Hg failed to give any change of intensity
detectable by eye. However, repeating the experiment in an open dish, but
adding the oil last and distorting the interface by alternate compressions

in perpendicular directions, a careful microscopic examination of an area
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of 100 am.? revealed 10 bubbles. These were observed without decom=-
pression indicating thaet they were formed by coalescence of the initial
film., Diemeters were of the order of 4~=8 microns.

The liquid paraffin used was Shell "Ondina 0il 33"
which is very clear and of density 0.8 gm. cm. . According to the
extinction angles this oil phase was found to give a direct interface

with any equeous liquid if the latter, as the denser, was added last.

No two pure immiscible liquids could be found of

refractive indices sufficiently close to ensure the detection of any
bubbles formed at their interface. However, the refractive index of
liquid paraffin could be matched quite simply by blending two hydrophylic
substances,

A suitable mixture proved to be % glycerol + 10%
water which gave a refractive index of 1 .4469 compared with 1.4465 for
the paraffin oil used previously. Acetic acid 30% w/w in water was also
satisfactory, the interface with paraffin oil disappearing at room
temperature.

4All liquids were kept in open containers to ensure

their saturation with aire.

6+25 The standard test
In any statistical approach it is essential to adopt
the same procedure to minimise the effect of variebles other than those

under investigation. The following standard test was adopted:-
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The containers were cleaned and dried with towelling
and then polished with soft paper tissue. Although crude, this procedure
appeared adequate since at no stege during any test was bubble formation
observed at the walls of the cell; nor were any formed in the bulk of
either liquid or at the rubber gasket which had been previously soaked
in the paraffin oil.

The cell was filled as prescribed earlier with the
denser liquid displacing the lighter from the bottom upwards.

A standard exposure time of 4 minutes was adopted
since preliminary runs showed that most bubbles formed very soon after
decampression and very seldom after 2 minutes. The number of bubbles

forming was recorded, and the liquid samples discarded after each run.

6.26 Ligquid=-liquid decompression

The frequency of bubble occurrence was measured
with variation of:= 1. Decompression i.e., applied vacuum.

2. Degree of liquid-liquid dispersion.

3 Gas concentration.

4, Temperature.

For every cambination of these variasbles 20 runs
were performed, this being the number regarded as significant by Strasberg
(1956). Dispersion of the liquids was obteined by shaking the cell when
required, while saturation with acetylene was employed to increase concen-
tration without varying tension.

580 runs were performed, the results of which are

recorded in table 11.



CAVITATION AT THE UID-LIQUID INTERFACE

Number of bubbles formed within the first 4 minutes of decompression

System Glycerol® Dispersed glycerol® glycerol® acetic acid®* acetic acid®*
Deccmpression 5 10 1520+ 20 28| 5 10 15 20 25 28 20 inches of mercury (4P)

Temperature (°C) 25 256 25 25 25 25 (25 25 25 25 25 25| 20 25+ 30 35 4O 45| 20 25 30 35 4O 45 50| 20 25 30 35 40 45 50
1 - = = = 3 ele e = 7 = 1 9 - L4 7 ~ 16| 7 612 5 2 =« 2| 7 4 25 9 21 44 16
2 - = 3 6 -1 = = = 9 7 =/ =6 = 1215 8| 1 = 210 5 10 4|13 11 19 7 13 1 8
3 - = = = 817| = = = =12 15| = = = 3 « 1|4 4 5 8 = 4 22| 4 22 4 3 7 7 2
4 - = = 213 5|=- = = = T7143|11 2 14 8 2 -| - 11 - 2 6 6 8| 7 17 14 25 24 40 7
5 - = 7 = 2 20« =« 3 5 = = == = = =« 6| 4k 2 6 6 81k 11| 20 5 12 19 16 H 27
Run 6 - = 4 - B8 4hk| - 7 - =15 5 6 - 8 16 16 = 2 5 1 =11 1 6| 311 2 7 10 4 11
7 - = = 8 « 8|~ = 5 219 14| - 8 10 4 8 10 2 13 6 7 7 3 1 6 9 25 44 25 416 8
Number 8 - 4k - = 815 = - = =« = 8} == 3 =~ 5 9| 7 61 3 5 2 7/17 1% 7 4 5 12 47
9 - = = 4 16 11|~ 7 - - 10 = 84 = 5 9 3 3 = 4 8 - = 9| =« 2 14 12 11 8 16
for 10 - = =17 = =|= = = = 5140 =17 12 9 = =] - 6 1 11 3 8 10| 5 14 41 7 47 14 6
11 - = = = 7 40| = = = 4 15 48| - = @« = < 22 5 7 9 7 5141 5|15 6 8 20 8 18 2
each 12 - =13 MM =12 |- = 7 = 4 7| =11 - 8 - 4 5 5 5 & 9 14 k| 4 10 5 11 11 14 29
_ 13 1 = = = 6 =|= = 191 14 = 24|13 = - 10 7 3 2 -« = 4 5 2 48 7 14 14 16 15 41 8
series 14 - 3 = = = 21 |= - = =13 =| « - 16 = 11 12 9 4 & 3 4 - 70147 3 7 8 4 7 410
15 - = = 713 =|= = = 5 = 6| =7 = = « =] 14 & 514 40 2 6|16 = 2 8 9 16 7
16 - = 1 6 4 5|- = =~ = 5 142| 9 6 8 5 4 2| 6 5 5 2 2 7 2| 811 A 12 19 11 2
17 - 7 = = 7 4|l 2 = - - 7| == 14 3 = 5| 1 = 6 L& 61413 7| 9 & 19 & 12 8 10
18 - = 2 4 = 40| = = 4 5 3 142 7 1 - -40 9 - 8 B8 3 9 - 2|12 9 9 10 7 2% 8
19| = = = = 7 =|= = = = 71| == -3 3 -| 5 4k 2 9 7 8 2 5 7 4k 1k 16 1k 2
20 - = =12 2 48 |=~- = =41 2 2| ~12 1 - 7 5 2 7 9 & 6 11 8 8 313 9 12 11 15

Total number )
1 1k 30 7410418 [0 16 20 62146175 | 63 74 87 95 97115 | 76 97100 114 110 122 144 [18+ 195 233 214 262 269 289

of bubbles (N)

Fraction of
nucleated runs (p)

065 ¢15 30 50 o70 75

0 015 .25 ol-l-5 070 .80

¢35 «50 ¢50 «65 60 «75

085 o&) o% .95 o% -85 1.0

095 095 1-0 100 100 100 1.0

*Both phases saturated with air.
NeB. The oil phase is liguid paraffin in every run.

*#Both phases saturated with acetylene.

TABIE 11

Shell "Ondina 0il 33".

+The same results.
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Semi~log plots of the number of bubbles formed are
given for (i) Decompression as the variable (fig. 15).
(ii) Temperature variation (fig. 16).
In the latter case the ordinates are selected to
give simple Arrherius plots, there being same doubt about the justification
for drawing straight-line relationships. While more points, or more runs
rer point, might have reduced this uncertainty, it must be remembered that

each acetic acid line represents 140 runs.

6.27 Analysis of results

The following points would seem to emerge from figs.

15 and 163=

1¢ There would appear to be very little increase in the
probability of forming a bubble by more intimate dispersion of the two
liguid phases.

2, The plot of log (N) versus decompression (AP) would appear
remarkably linear over the range indicated.

3s The foregoing plot would indicate quite appreciable chances
of bubble formation for decampressions exceeding 5 ins. (427 mm.)H. If
any metasteble limit exists it must be very small by comparison with the
nucleation thresholds conventionally postulated in diving (see section
1.6), whether taken upon a constant differential or a pressure ratio basise.

4, PFor the same decompression and temperature, there would
seem to be a greater probability of phase separation using a more

soluble gase
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5. Whila the douhts shout Avawing atraisht lines through the
points of the Arrhenius plots (fig. 46) would not justify any quantitative
analysis, it would seem fair to say that the gradient of the glycerol/
paraffin oil system just exceeds that for acetic acid/paraffin oil.

Hence from the simple Maxwell-Boltzmenn approach,

N .w1 exp (-B/F9), we havei-

Eg> Ea’ where ES and Ea. are the ectivation erergies of
cavitation at the glycerol/paraffin oil end acetic acid/paraffin oil
interfaces respectively,

Employing the drop weight method described by Davies
and Rideal (1963), and applying the correction factor of Harkins and Brown
(1919), the following interfacial tensions were measured at 35°Cs=

Glycerol/eir, Y, =6 o6 dyne/cm Eg =Y T ==
paraffin oil/air, Y, = 29,8 dyme/am ) 55.7 dyne/cm

glycerol/paraffin oil, Yop = 357 dyne/cm (equaticn 13)

Acetic acid/eir Y, = 42,2 dyme/cm E <Y + Y =Y, =
pareffin oil/air Y, = 29.8 dyme/cm 56.9 dyne/cm
acetic acid/paraffin oil Vop = 15+ dyre/cm
icee E_ >E o
g a
which agrees with the previous deduction from the Arrhenius plots. While
this does not prove equation 13, the result is compatible with the thermo-

dynamic argument expressed in section 4.28.
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While a more quantitative physical analysis has
proved most interesting, it is hardly relevant to the problem of decom—
pression sickress. The simple conclusion drawn from these results is
that cavitetion at a liquid-liquid interface is a random process and,
if relevant to the critical tissue type, it would seem unwise to rule

out the possibility of bubble formation for any degree of supersaturation.

6.3  IRANSPGRT

6.3  Object
The vitel and controversisl issue of whether diffusion
or circulation is the rate-limiting process in bloodsitissue exchange may
be reduced to the more specifie questions ofi=
1o Does tissue respond as though uniform in the transient case?
2. Do expornentiel time constants derived by the conventional
analysis of experimental data (figs. 17 and 19) represent:-
(a) blood perfusion rates,
(b) a function of diffusion coefficients and tissue
micro-gecretric dimensions, or
(c) a combination of the above in which each makes a
significant contribution?
In attempting to verify the more comprehensive model
derived in section 4.2 for an appraisal of these questions, practical
results are required from experiments designed to offer the most critical

assessment.
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Appendix III outlires the arguments by which the
advocates of blood perfusion, as the rate-controlling process, attempt
to explain most of their deviatiéns fromthe simple linear model (section
5¢1) in terms of parallel arterio-venous pathweys. However, any complex
postulations related to the preferential channelling of blood through
different sets of vessels, under different conditions, must be inoperative
when the circulation has ceased. Thus, if fundamentel parameters derived
from excised tissue are in agreement with those for the same tissue
perfused with blood, then there is good reason to believe thati-

1+ There has been no apprecieble micro-geometric change
upon death of the animal, and

2 If the same mathematical model can interpret both sets of
data, it would seem to be realistic.

This would suggest two sets of experiments upon
onge particular tissue type:-

(a) when the inert tracer is administered to the tissue
in the living animals by intra-arterial infusion.

(b) when a section of the same tissue excised from the
freshly-killed animal is exposed to the irert gas.

Skeletal muscle is the tissue type selected by
Fenichel and Horowitz (1963), largely on the grounds of uniformity, for
their classical differentiation between bulk diffusion and surface
permeation as the operative mode of uptake of inert solutes by muscle

fibres. However, a muscle with more mechanical 'cohesion'! than the
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frog's sartorius would seem better suited for cutting into thick unfixed
sections. In view of these considerations, and the greater relevance to
decompression sickness of any constants derived fram a warm-blooded
animal, the inner thigh muscle of a rabbit was selected. This tissue is
readily accessible for monitoring radiocactivity in the living animal,
and is of sufficient size to provide the thick sections required for the
other case = i.e. upteke without circulation.

Selected gases must be not only inert but also non=—
poler in order to minimise retardation by charged groups fixed to membranes
or associated with any active transport mechanism. ®5%r is thus ideal,
a good experimental method for monitoring in the living animal being
described by Thorburn et al (1963), whose apparatus was used. However,
its availability did not pexrmit the use of the same gas for the excised
sections.

Only dilatometric means were available to follow the
uptake of gas by excised tissue sections. An inert non-polar gas with a
high solubility was thus selected to provide the maximm sensitivity,
acetylene proving suitable since its solubility in water is 4 .46 ml. at
S«T.P./ml. Hzo atm. = Perry (1950). It is inert to body tissues and

presents a molecule with no dipole moment.

6.33 Method for perfused tissue
The apperatus for monitoring radiocactivity, and

maintaining uniform infusion rates,was exactly as described by Thorburn

et al (1963) in their study of the nutrient blood flow to kidney. The
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necessary surgery was performed by Dre. G.D. Thorburn and the experiments
completed during a short visit by the writer to the Department of
Physiology at the University of New South Wales.

A fire polyvinyl chloride catheter was introduced
into the aorta of a 3 Kgm. rebbit anaesthetised by the injection of
nembutal into a prominent vein in the ear. This permitted the continuous
intra-arterial infusion of B"'Kr, at an arbitrary concentration in saline,
the rate being mainteined constent. The B and Y emissions were recorded
for every minute by a scintillation counter whose " diameter probe was
rested in full but gentle contact with the exposed left inner thigh muscle.
The probe and whole region of incision were covered by a pad of cotton
wool to prevent undue heat loss from the exposed tissue.

The abrupt termination of the infusion after 410 mins.
represented a step in arterial srypton tension, since the quantity re-
circulated past the lungs has been reported to be very small (Chidsey et
al, 1959). After applying corrections for background radioactivity and
the paralysis time of the counter, the subsequent exchange response of
the muscle could be analysed into three well-defined exponentiasl terms.
Enumerated according to their order of extraction, the respective time
constants (7\1, 7\2 and 2\3) are shown in fige 47. 01, 02 and 53 are the

respective half-saturation times, i.e. 51 = 0.693/7\1 etce

8ince counting was continued for 3 hours following
cessation of the infusion, the worst error is probably that of maintaining

the constant blood flow required by the mathematical analysis described in
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section 5e¢4. In the first run (I) the degree of ansesthesia was
controlled as that for which a slight corneal reflex was Just attainable.
Nembutal was administered at intervals of 5-45 mins. through the eare.

In the second run (II) upon the same animal, a much
deeper degree of anaesthesia was maintained throughout, no particular
feature being followed for its control. During a third run the animal

died.

6.34 Method for excised tissue

The response analysis described in section 548 is
greatly dependent upon the geometric accuracy of the sections exposed to
the inert gas. In many preliminary trials using various cow, sheep and
rabbit muscles, it was found that sections of thickmess 1-3 mm. could be
cut with a variation of no more than 0.05 mm. over the area of 7.5 X 2.5
cms. required to cover a microscope slide. The technique developed was
one of quenching the excised muscles in solid CO, and "planing® them down
to various thicknesses as they gradually thawed on a freezing microtome.
Each was then trimmed square with the microscope slide upon which it was
mounted. The above dimensions of the section permitted side effects to
be neglected in the mathematical analysis.

Excised within minutes of the death of rabbits of
similar age, weight and breed to that infused with krypton, the inner
thigh muscles were immediately quenched in solid 002. This action was
intended to render the nucleation of ice formation so profuse that no

individual crystal could grow to a size sufficient to cause undue
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mechenical damage to cells or other disarrangement of the micro-geometry.
Average thicknesses (L) of the sections were determined by weight
difference between the mounted section and the pre-weighed microscope
slide. All sections were irradiated with U.V. light to delsy the onset
of putrefaction, and all runs were started within % hr. of the death of
the animal +to minimise the effects of any autolysis.

The mounted section was slid into the dilatameter
shown in fige. 18 and the end replaced. The air was then rapidly flushed
out by acetylene, and the vent plug repleced. A4ll screw joints were
rendered perfectly gas-tight by previously binding all threads with
P.T.F&E. tape. Removing the acetylene connection, the open end of the
uniform=bore capillary tube was rapidly sealed by a small pellet (3-5 mm.
in length) of mercury inserted by a clean dry hypodermic syringe. The
distance (h) of one end of this pellet from some arbitrary mark on the
dilatometer was recorded against time. Readings were taken every minute

for 4 hours; h was calculated from solubility data.

It was found that very smooth plots of h vs. time
(t) could be obtaiped if the following precautions were takens-
(1) The glass capillary was thoroughly cleaned by chramic
acid, then alcohol and finally dried with dust-free air.
(11) Only quadruple-distilled mercury was used as the pellet.
(iii) The dilatometer was mounted horizontally on a vibrating
table,
Momentarily switching off the vibration at an exact

time, the mercury was permitted to 'stick' just long enough to enable the
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position of the pellet to be measured accurately. Roam temperature
was controlled at 90 + 1 .

The need to minimise 'sticking! of the mercury in
the capillary was the feature underlying both the selection of a very
soluble irert gas and the design of the dilatometer. In the latter,dead
space is kept to a minimum to give the greatest percentage volume change
with upteke, and hence the greatest pressure differential forcing the
vellet to register the change. Capillaries of diameter less than 1 nm.
proved unsuccessful,

The plots of (h - ) vs. t show that the response
of each tissue secvion to acetylene can be analysed into three well-
defined exponential camponents (fige 19). The uncertsinties in the
exact time of insertion of the mercury pellet detract from any worthwhile
information to be gained from extracting intercepts. However, the great
advantage of this type of analysis is that such incamplete response data
are perfectly adequate for deterndrning the exponential time consbants

(7\:, 7\'2 and 7":)' The corresponding half-times are designated 6; , 6:‘, and
6'3 in figo 19.
Analyses of these results and those for krypton are

conbtained in section Sele

6.35 Future work
The results recorded in this section are regarded as
the bare minimum required to establish that the mathematical model
described in section 5.4 is feasible. This conclusion is facilitated by
the fact that ons is trying to differentiate between values of cellular

diffusion coefficients differing by a factor of the order of 10”.
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The work upon excised tissue upteke leaves little
doubt that tissue cannot be regerded as a homogeneous diffusion mediume
Such a conclusion cannot be disregarded on the grounds of autolysis, or
demege caused by cutting the sections, since either process could only
serve to render tissue more uniform in its transmission properties.

4 more rigorous experimental programme is scheduled
which will incorporete the following refinencntsi-

1+ Using a"'K:c‘, and perheps two isotopes, simultaneously in
both cases, i.e. with and without circulation.
2. Taking far more rigorous precautions to minimise autolysis

in excised sections.

6ok  THE INHERENT UNSATURATION

6.4  Object

The feature of the hypothesis derived in this thesis
is the determination of proximity to marginal symptoms based upon a
particular tissue region whose phases are always in thermodynamioc
equilibriumn. This is directly opposed to the conventional postuletion
that the condition of the critical zone is one of supersaturation following
decompre ssion,

Although there would appear to be a strong case in
favour of random nucleation, and such s fundamcntal change of thinking,
it is felt that the success or failure of the thermodynamic hypothesis
lies in its ability to explain the beneficiel effect of steaging a diver.

This reverts to the basic question of proving the exislence of a motive
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power for the elimination of gas from tissue regions following phase
separation. The theoretical investigation of this alternative to
supersaturation (section 5.6 to 5¢8) shows how such a driving force for
the inert gas can be provided by the inherent unsaturation arising from
me tabolism,

There would seem lititle doubt from the published
work recorded in section 5.6 that a total tension differential for gases
of at least 50=-60 mm. Hg exists between tissue and a surrounding atmosphere
of air at 760 mm. Hg. Although this is ameller than any which could
account for staging, the irherent unsaturation could reach a reasonable
magnitude if it varies as predicted theoretically by equation 48.

Thus the specific points to be proven are that the
inherent unsaturation

» (i) increases lineerly with pressure for irhaled gas of
constant composition, and
(ii) decreases linearly with mole fraction of the inert gaes

for constant pressure.

6.42 Design of experiment
The principle adopted for measuring the unsaturation

in vivo was that of messuring the total tension of all volatile and gaseous
subslances as the sum of the partial pressures of those substances in a
cavity equilibrated with the tissus. This cavity needs to be non-

collapsible, the walls being cepable of passing all volatile substances.
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One such method described in the literature is that
of Lategola (1964) who used a cylindrical capsule with silicone rubber
membranes held rigid across the ends. However, his measured unsaturation
of 44 -48 mn. Hg is open to alternative interpretation in view of his
statement that the membranes had “"relatively negligible permeability to
water vepour®. This implies that he could have been simply measuring
the vepour pressure of water at body temperature - 46 mm. Hg (equation
XVII).

To avoid this uncerteinty, the writer used a polyvinyl
chloride membrane in the form of a non-collepsible tube whose permeability
to nitrogen, oxygen, carbon dioxide and water vepour was proven, in vitro,
before implanting in the animal.

While Lategola waited some 5-14 days for the gas in
his capsule to reach steady-state, a period of 1-4 months was found
necessary by Guyton (1963a) who implanted ping-pong balls with 200 holes,
yet full of saline, in dogs. However, his readings are not really relevant
to the unsaturation problem since he was measuring e hydrostatic
pressure in tissue and not a total gas tension.

Since both Lategola and Guyton took their readings
for air at atmospheric pressure only, the time to reach steady-state was
not a prime concern. However, a much fester response time is desirable
for unnatural enviromments in which the general health of the animal is
likely to deteriorate.

This can be achieved bys-
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(i) reducing the gas capacity of the implanted probe to e
minimum.

(ii) offering this volume the largest surface area for
exchange with the surrounding tissue, the relevant
parameter being (surface ares/volume).

The above reasoning has led to the selection of a
polyvinyl chloride tube 49 cms. in length, 0.8 mm. OD. and O. mm. I.D.
This membrane cavity is closed by means of a seeled diaphragm unit (see
fig. 20) which permits the animal to run around free of any comnections
during the period of equilibration for a particular inhaled atmosphere.
Deed spece on the membrane side is again reduced to a minimum for the
fastest response, the internal pressure reaching at least 99% of the
asymptote within 12 hours of any step change in the inhaled partial

pressures. All readings were recorded after 24 hours equilibration time.

643 The disphragm unit
The diaphragm unit (fig. 20) is a devide for determine-

ing the pressure developed in the membrane (equal to the total tissue
tension Zp) by measuring the pressure (P®) needed to be applied to the
other side of the diaphragm to effect a balance.

When a reading is required, the reference pressure
lead is attached to the outside compartment of the diaphragm unit by
screwing the tepped flange on to the short threaded tube emerging fram
the skin. The joint is sealed by tightening the flange screws, thereby
automatically connecting the electrical leads - one to a contact point

and the other to the diaphragm. For convenience these leads are kept



20k,

within the reference pressure line until well outside the animel's cage.
They cerry a very low contact current (3mA.) supplied at a low potential
(125 mV.) to minimise arcing between the diephragm and adjusteble contacts
Two lights give a simple indication of whether the electrical leads are
on 'make' or 'break', i.e. whether the dlaphragm is pressed ageinst the
fixed contact point or note It was found necessary to coat all contact
surfaces with 0.00025 inches of rhodium to avoid oxidation resistances.
The applied presswre to effect this balence (P*) may
be readily adjusted by balancing a higher against a lower pressure air
bleed to a 2-litre buffer tank as shown in the flow diagream in fig. 20.

Such a dynamic system minimises the effect of eny leaks.

6.44 Surgery

While the foregoing systems were designed by the
writer, the experimental testing of the postulated inherent unsaturation
was undertaken as a joint project with the deromedical Resecarch Unit
(Adelaide). The writer is therefore, indebted to their Officer-in-Charge,
Dr. D.He LeMessurier, for his surgical skill in implanting the capsule.

The polyvinyl chloride membrane, attached to the
diaphragm unit, was inserted under the skin by means of a trochar comprising
a 12 inch 10-gauge stainless steel tube with a removeble stainless steel
end turned to a very sharp point. Entering the ansesthetised animal at
the point from which the screw connection can be seen in fig. 22, the
trochar was brought out through the hind quarters level with the pelvic

girdle., This deposited the P.V.C. tube subcutaneously as the three loops
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in wvhich it was initially packed into the trochar. All equipment was
thoroughly sterilised before the operation, and the rabbit was given 2
million units of penicillin to combat any chance infection.

4 pathological investigation of one animal which
died one month af'ter the insertion showed that fibrous tissue had
grown around the membrane. In all readings the mumber of days following
the operation has been recorded, a minimm of two weeks being allowed

for recovery.

6e45  Interpretation of pressure readings
The difference between the absolute pressure (P) of

the gas mixture inhaled by the animal end the sbsolute pressure for
balance (P®) exceeds the true inherent unsaturation (Ap) on account of
the finite volume displacement of the diephragm (V)

i.es P = P* > Ap,

Since a pressure balance could be obtained in a time
far less than the induction period for transmission of any gas through
the nmembranc, the nunber of moles of gas on the membrene side of the
diaphragm would be the same before and after balance. Applying Boyle's
law this givess-

Ve (Zp) = (vm+ve) P*

Vm is the membrane volume with the disphragm pressed
against the base of the capsule by the true unsaturation developed while
the animal is disconnected. &Zp is the total tension of volatile substences
in the tissuwes and hence the final absolute pressure developed in the

membrene during the period of disconnection.
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T™he above equation gives the true inherent unsat-
uration (Ap) as:-
Op=P - Qp) = (P «P*) -P'Ve/Vmo
assuning uniform curvature of the diaphragm, and
a maximun deflection equal to the thickness of the P.T.JFE. gasket, the
dimensions recorded in fig. 20 give:-
V, = 2.38x 10" in,3

Vo= 11630 x 10~ in,® (including diaphragm dead space).

The latter value is obtained by integrating for
circular segments over the meximum linear diaphragm displacement.
Hence Ap = P - 1.2 P* (53)
The form of this equation was verified experimentally,
in vitro, by teking readings of P* after leaving the membrane exposed to

lnown pressures in a sealed unit, i.e. for X = P.

6.46 Unsaturation vs. zps composition

Atmospheric wes selected as the absolute pressure at
which to investigate the variation of the inherent unsaturation (fp) with
mole fraction of the inert gas (x). This permitted the animal's cage to
be placed in a polythens bag which was flushed with an oxygen/air mixture
from e cylinder pre-~blended to the approximate composition desired for
that run. This is shown in fig, 21 with {he pressure balancing lead
connected to the diaphragm unit.

dnalyses were performed upon each blend using a Lundin
nitrogen meter to obiuin the mole fraction of inert gas to vitain +0eFhe

Volume fractions of oxygen over the range 20~10G% were uscd.
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The particuler blend was fed to the cage at the rate of
2 litres/min. until the diasphregm unit and accompanying circuits indicated
thet a steady pressure had been obtained within the membrane. The polythene
was freely vented, and the free end of the manometer was left open to
atmosphere. Its final reading was teken as en absolute pressure (P*) from
vhich the inherent unsaturation&p can be deduced by equation 53, The time

allowed for reaching a steady reading was always in the region of 24~30 hours.

Results far five different gas mixtures are given in

table 12, end plotted in fig. 23.

JNHERENT ION versus GAS CGMPOSITION
animel at atmospheric presswre (P = 760 mm. Hg)
Mole fraction |Absolute pressure Inherent Time following
of inert gas | for “make® (P*) unsaturation |membrane insertion
(x) in mm. Hg @p) + in mn. Hg in days
0 113 628 15
0.42 37 322 16
0.62 L7 209 17
0.80 582 7° 19
0.80 582 79 29
04183 26 507 37
0,80 270 9 68
TABIE 12

+ &p calculated according to equation 53.

6.47 Unssturation vs. absolute pressure

Air was the most convenient gas mixture for investigating

the variation of inherent unsaturation with the absolute pressure of inhaled

gas.
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Negative pressures. relative to atmosphere ; were ohtained
using a standard decompression chamber given to the Aeromedical Unit by the
Royal Australian Air Force. This chamber had an internal power supply and
ample space for the cage and all instruments. Moreover, the writer and his
associates, could be admitted through an outer air lock to teke readings at
any time without verying the pressure upon the animal.

Following a run at an absolute pressure of 460 mm. Hg, it
was found that recompression to an ambient atmospheric pressure of 752 mm. Hg,
over a period of 5 minutes, caused the manameter to increase its reading by
292 mm. Hg. Moreover, the reading had not changed after a further 10 minutes.
This was taken to indicate that the absolute pressure of gases in the membrane
had not changed over this period. Such a delay was consistent with the
observation that the manometer reading for diaphragm balance was never found
to change within 90 minutes of any change of inhaled gas composition.

It is this 'induction' period which rendered it practicable
to measure the inherent unsaturetion under hyperbaric conditions.

No investigator could be admitted to the high-pressure
chamber (described in section 6.82), and the rabbit could not be left with
the pressure and electrical leads comnected for the 24 hour period previously
found to guarantee a steady reading. However, it was found that a well-
orgenised team could take a reading within 5 minutes of decaompressing the
animale. This was well within the proven induction time of the response of
the implanted membrane. The balancing pressure (P*) was then positive with
respect to the open end of the manometer shown in the flow diagram (fig. 20),

S0 a bottle of compressed air was substituted for the vacuum pump.
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Manometer readings were checked after a further 40
minutes and, in no instance, were they found to have changed. In view of
the much shorter response times recorded for the same membrane in vitro, it
would appear that the implanted membrane response is governed by its gas
capacity and the resistance of the adjecent tissue, membrane permeability
appearing to have little influence in this case.

Results for 6 different pressures are given in table 13,
and plotted in fig. 23,

INHERENT UNSATURATION versus ABSOLUTE PRESSURE

(Inhaling air, x = 0.8)

Absolute pressure | Absolute pressure Inherent * | Time following
of inhaled gas for "make" (P*) unseturation membrane
(P) in mm. Hg in mm. Hg (Op) in mm. Hg | insertion (days)

760 582 79 19
760 582 79 27
1349 950 236 28
760 582 79 29
1116 &1 166 33
1764 1236 b 40
760 570 8 68
480 395 18 70
TABIE 13

®Diaphragn correction factor given by equation 53.

Air at atmospheric pressure is taken as the control,

6.48 Conclusions
The results, recorded in tables 12 and 13 and plotted in
fig. 23, would seem to confirm equation 48 to the extent that the inherent
unsaturations=
(1) increases linearly with absolute pressure for an inheled

gas mixture of constant compositione
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(2) decreases linearly with mole fraction of the inert gas
in the inhaled atmosphere et constent pressure.

The ebove relationships hold whatever volume ratio is
used in equation 53 to celibrate the diaphragm unit.

The correlation of ebsolute values is not as good as the

above trends. However, all velues recorded in table 12 lie within the limits
of metabolic activity predicted by equation 48, and all but the value of Op
for the highest pressure recorded in table 153« It is felt that this discrep-
ancy may be pertially attributed to the fact that a rebbit is a burrowing
animal, while equation 48 is based upon constants derived for men.

All results may be mede to fit if an empirical value is
assumed for ve/vm in equation 53, but the writer can see no justification
for this.

A camparison of absolute values mey be made for the
conditions under which other authors have quoted values for the unsaturation.
These ares-

(1) Por air at 760 mm. Hg, equation 48 predictsi-
97> 4p > 57 mm, Hg
Experimental values for the control runs recorded in
tables 12 and 13 show a range of 79-9% mm. Hg, while
Piiper (1963) quotes 57 mm. Hg for dogs.
(2) Por 100% 0, at 760 mm. Hg, equation 48 predicts:-
668 > Op > 628 mm. Hg
An experimental value of 628 mm. Hg is recorded in teble

12, while Rahn (1961) quotes a value of 600 mm. Hg.
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Normally readings were taken during the daytime with the
rabbits resting in their cages. However, it was found that velues of Ap
obtained at night could be some 20-30 mm. Hg lower than those recorded by
dey with the enimal kept active.

It would thus sppear that equation 48 represents a
realistic mathematical form of accounting for the uncertainties imposed

by metabolism,

6.5 THE THERMAL ANALOGUE

6.51 gggose
The response analysis to gas uptake of the geametric

model considered most relevant to dedampression sickness (fig. 8) derives
the transient tension distribution as the sum of the superposed effects of
all the pressure steps experienced by the diver. Despite the mathematical
complexity of the expression for a single step (equation VII), computation
is still feasible for a dive whose depth vs. time profile is rectangular.
However, most practical dives in the ocean are too

irregular to reduce to such a form without gross approximation or treating
them as a very large number of steps. The corresponding nmuber of terms
soon renders the response expression so cumbersome that calculetion is often
not feasible. The tediousness of such an approach is greatly increased when
the summation of the superposed terms must be repeated for each of socme 10 or
more different radial locations in order to obtain the instanteneous tension

distribution.



212,

Optimisation of a decompression by the method advocated
in section 5.9, and expressed quantitatively by equations 51 and 52, require
the diver's position to be adjusted continuously such that his absolute
pressure coincides with the peak total tension, i.e. r' = r‘ =T, in fig. 12.
Even if the frequency of such adjustment were reduced to one-minute intervals,
the burden of camputation would be too great, since the depth and peak
tensions are mutually dependent variables.

Recourse to use of a digital computer was eliminated for
reasons of the camplexity of data, e.g. dives in Appendix I, and the failuxe
to find a suitable sub-routine in South Australia for generating Neumann
functions. This led to the alternative means of avoiding mathemetical approx=
imation by building analogues to simulate the distribution of gases according
to the model derived in section 5.5. This approach has the incentive that any
such unit proving successful has the possibility of conversion to a practical
unit for eventual use 'on deck' as a direct indicator of optimal decompression.
Whils this might sound excessively optimistic, any instrument acting as a
check against the use of tables would serve to reduce the chances of human
error by the tender.

The first problem in designing an analogue is therefore
the selection of a system vhose response is exactly analogous to that of the

postulated model and mechanism,

6.52 Review of possible systems

The feature of the model which would gppear most difficult

to simulate, and prominent in determining the proximity to symptoms, is the
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inert gas uptake end distribution. The form of such a transient response

would seem to be reproduced most faithfully ifs-

1o exact similerity of the geametric layout is retained, and
2. the intensive parameter (I') selected to simulate inert gas
tension is related to the flow of the corresponding extensive
quantity by a law exactly similar to Fick's law of diffusion,
i.e. for linear transient flux in the z directioni-
-t @
=) =t (%
Possible systems thus include those listed in table 14.
DIFFUSION AND SIMITAR PROCESSES
R . Thermal Electrical Fluid
Procesa DEFn=Ch conduction |conduction Flow
Intensive tension (p) temperature (@)|potential |pressure
parameter a
Bxtensive entity|solute heat charge fluid mass
The constant (f)|diffusion co= |[thermal diff- |resistivity|flow re-
efficient (D)| wusivity (x) sistance
TABIE 414

While electrical analogues are the simplest to construct,
it is very difficult to simulate radisl tranamission. The simple represente-
{tion of a tissue type by a resistor in series with a capacitor has been used
by Lapleston (1963). A grid of resistors and capacitors has been selected by
Evens and Haylor (196k) to simulate tissue in their study of its exchenge
response with respect to blood moving in the capillary. However, it would
appear very difficult to obtein a time-base of order similer to that of the

critical tissue in the diver unless ons used extremely large condensers, or

resistors of resistance so high as to be comperable with that of the insulstior
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& liquid flow system was dismissed as impracticsble
on the grounds of:=-
(a) aifficulty of reproducing the geometry without inducing
turbulence, and
(b) difficulty of attaining a suitable time base without using
e very viscous fluid. 4ny thixotopy would also cause
deviations from equation 54.
While the foregoing difficulties may not be insurmountable,
the most suiteble system appeared to be therual conduction - temperature being
e parameter which is easily measured with the minimun of disturbance , and

without consuming the extensive quantity (heat).

G553 4 _preliminary anslogue

A preliminary model was made of the worst possible case
likely to occur in the critical tissue type (section 5¢52). This geametric
concept of cytoplasm enveloping a capillary was interpreted by an annulus of
outsidesinside rudii turned in the ratio b/a = 5.29 (section 8.64). The
materizl used was one developed by the writer (Hills, 4965) for transparency

and low thermal conductivity, the thermal diffusivity (K) being determined as

2 1

K =443 x 107" cn® min™! using a thermocouple to detect the response of the
centre of a cylinder of the materisl to a sudden step in external temperature.
The direct determination of thermal diffusivity by such transient methods is
discussed by Teit and Hills (1964).

Circulation was simulated by pumping walter from a
thermostat bath through the central core at a rate of 10 gals./min. The

annulus had an internal diameter of 1 inch, 11 thermocouples placed in 1 /1 6 inct
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holes at different radial locations sppearing to have no effect upon steady-
state heat transmission. Mainbaining the inside at 60% and the outside of
the annalus at 0°C (stirred ice bath) for 24 hours, it was found that the
temperature recorded by each thermocouple differed by no more than 0.5 Go
from the theoretical value for its particular location. This was comparable
with the recording error. Fig. 24 shows the whole of this preliminary
apparatus with a quarter section of foem insulation removed to expose the
tissue model. The time base of the amulus appeared to lie within 204 of
that for a diver (section 8.,65). However, no thermal insulation could be
found of conductivity sufficiently lower than that of the plastic to enable
the outer boundary condition to be spplied effectively i.e. 38/dr = O at
r = b (Appendix IX). Even 3 inches of polyuwrethans foam gave a 10 C°
temperature drop scross the anmulus after maintaining the inside 60 c® above
embient for 24 howrs, all thermocouples giving a steady reading after 10 hours.
The conclusions drawn from this preliminary model mey be
listed as followss-

1¢ Placed in 1/46 inoch die. holss, thermocouples made from 0,003
inch chrome/slumel wires sppear to cause negligible disturbence
of the isotherms.

2. A circulating liquid of boiling point higher than that of
waler is desirable %o increase the temperature rangs, and
hence sensitivity of the analogue.

3¢ 4n analogue whose response is up to 5 times faster than the
critical tissue would enable details of a dive history to be

fed in with no significant loss of faithfulness to the original
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xeoord. .. This ool dminind ge. somonscug.hedtdess

insulation would be more effective relative to a material of
higher thermal diffusivity.

ke TFor simulated dives of any epprecisble duration, an alternative
to thermal insulation must be found for imposing the boundery

condition for the volume receiving gas from one capillary (r=b).

6s54 The final design

One of the simplest means of overcoming the problem of
side heat losses is provided by reverting to the less approximate Krogh model,
i.e. teking one central capillery surrounded by six others spaced upon a
regular triangular pitch (fig. 8). The hexagonal form of the volume influenced
by the central pipe is thus isolated from the exterior by six similer regions
in cutting the block to the shape indicated in fig. 25.

The block is ccamposed of 5 X 2 inch layers of a cement/
asbestos material of uniform composition, each laminate cut fram the same
template. This permits holes of diameter no greater than 1/16" to be drilled
to an effective depth of 5 inches in the assembled blocks These holes,
indicated by protruding wires in fig. 27, locate the 11 chrame/alumel
thermocouples. Different orientations with respect to the central hexagon
minimise the cunuletive effect of any disturbance to the heat flow pattern.
Radial distances from the centre are selected to permit the temperature dis~
tribution to be plotted each time the recorder scans its twelve channels.
Eleven points on the curve prove ample for estimating the peak temperature to

within 1% of full-scale deflection,
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The capilleries are simulated by brass tubes of thermal
conductivity so much higher than that of the asbestos (Stoever, 194), that
their outside dismeter (a') is the relevant dimension for relating to the
capillary radius (a). The distance between centres (2b') is related to the
intercapillary distance (2b) such that geometric similarity is preserved ife-

(b'/a') = (b/a) = 5.29
for the resting condition (section 8.64).
giving (b'/a') = 5.816 as the basis of the design of the hexagons. The
overall size was fixed by that of the available asbestos cement plates. 10
inches total thickness is sufficient to reduce end effects to less than 1%
(Appendix V) if a = 0.5 inches.

Blood is simulated by heat transfer oil (Castrol HT 1402)
which does not fume appreciebly until heated above 150°G. The viscosity is
low enough that the oil is readily circulated by a centrifugal pumpe.

Individual oil return lines to an open trough draining
into the thermostat bath, afford a direct visual check upon the flow in every
tcapillary'. Each is fitted with its own valve for manual adjustment in the
case of any irregularity in oil distribution (see fig. 29). Mercury-in-glass
thermometers at the inlets provide a further check, the overall flow diagram

being shown in fig. 26.

6.55 Temperature control
In order to simulate inert gas tension by temperature,

one needs accurate thermostatting and rapid response of the 'arterial' oil to
a new control position. This control temperature (0) can then be varied

according to the absolute pressure of the diver (®).
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Control +to within & 0.4 a° chout any temper
by a dial within the rangs 20420°%C has been obtained using e 2-stage amplifier
and relay with a platinum resistance sensing probe, This switches an
immersion heater of 3Kw rating in the oil bath between two power inputs
independently adjusteble by means of separate variacs (see fig. 28). The
lower the power differentisl the better is the control.

Then the heat uptake by the asbestos block is high this
differential needs to be increased, even to the extent of including a further
SKw heater in the 'on' position. The need to change the control temperature
very rapldly to simulate normal diver descent rates has led to the following
design featuresg=

1e¢ Further 2 X 3Kw manually operated 'boost heaters' to bwring
the power input to a possible maximun of 4 2Kw.
2+ Reduction of the thermal capacity of the circulating oil to
a minimum by:-
(a) Using a heat transfer oil (Castrol HT 1402) of low
specific heat (0445 cal./gm. C°).
(b) Reducing the oil tenk volume to the minimum (2% gals.)

required to cover the heaters and contain the 2 x 3%

die. propeller stirrers required to maintain uniformity

on account of the rapid external ciroulation (averaging

L passes of the oil through the block per minute).

2% gels. is not large in view of the size of oil
immersion heaters whose maximm surface heat flux is severely limited by
the flash point of the oil.
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Repid cooling is effected by running cold oil into the
bath from a 12 gal. header tank, the mixed oil automatically overflowing
through a pipe set at the level for minimel working capacity.

The instrument, heating and emergency cut-out circuits

are shown in fig. 28,

656 The time base
The response of an annulus to a step in eny intensive
parameter obeying equation 54, is given by equation XI. This solution is
given as the sum of an infinite series of terms each of which can be
regarded as composed of two factorss-

(1) & geametric factor, expressed in terms of Bessel and Neumann
functions, which can be reduced to a function of relative
geametric dimensions, (r/a) or (b/a), and a dimensionless
root term (dxn).

(ii) a response factor (exp(-a;ﬂt)) which can be expressed as
exp( - (wtn)z(ﬂt/az)), the parameter of time occurring in

no other form.

The dimensionless root term (aan) is defined as the n®

solution to equation VIII which can be re-written as:-

I e ) X ((a01,)(v/a)) = T (aet)oT (o)) (v/2)).
(aan) is thus a function of (b/a) only, and must be the same for all geamstric-
ally-similar systems. The secular response of different parameters conforming
to equation 54 is therefore invariably expressed in terms of the dimensionless
group (/d. Two systems have reached equivalent stages with respect to time

if (t/a®) is the same for both. Hences=
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Time base of thermal analoguwe D(a')®
Time base of critical tissus ,c—(a)a"

~N

where K is the thermal diffusivity of the asbestos ( = thermal conductivity/
density x specific heat) which has the same dimensions as the diffusion

coefficient, i.e. length® time™,

6.57 Response analysis
k/(a')? has been determined by response snalysis for a

step in the temperature of the ciroculating oil. Starting with the asbestos
block equilibrated to room temperature (90), the oil bath wes brought to a
control temperature of (.2 +100)°C with the circulation pump turned off. The
temperatures (6) at each of the 11 thermocouples were then recorded every 52
seconds for 5 hours. Re-plotting these curves as log (90 + 100 = 9) vs. t,
response analyses, such as those performed in figs. 17 end 19 for gas uptake,
gave the gradients (k‘) for the slowest exponential camponent. These are
listed in table 15.
€, +100 = ©
i P
Vhile the intercepts An should be a function of radial
location, k should not sinoe k = a:;c (equation XI) and & values are
functions of (b/a) only.
The average value of 0.0183 for 0k gives (K:/af) =
0.2 min™' since (a.ai) = 0,26 for b/a = 5.29 (fig. 42).
The value of (D/af) for the criticel tissue of a resting

man is derived in section 8.65 as D/a® = 0,129 min~*. Hence from equation 55:=
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SIOWEST EXPONENTIAL COMPONENT FOR ANALOGUE BESPONSE
k = azx
Radiel location 1 [

Positien (r) in oms. in min.”!

1 1e 0,017

2 2,26 0.01 6

3 2,62 0.01 88

4 3405 0.,0237

5 3049 0,01 80

6 Lot 0.0150

8 4e96 0.01 88

9 5¢M 0.0215

10 6oLk 0.0129

14 7.40% 0.01 36
Average value - 0.01 83

TABIE 15

®Corner of hexagon.

b of oriticel tissue
time base of thermal analogue

2416
Henoe diving data should be fed to the thermal analogue 2.16 times faster
than recorded in practice, Conversely, optimisations should be performed

in vivo 2,16 times slower than indicated by the analogue.

6.58 Interpretation of absolute pressure
According to section 5.92, the essential feature &

optimisation is the relation of the minimum tension required to reach the
brink of phase separation (P + 200 mm. Hg, equation IV) relative to the
total radial maximum of xCP° -46 + (P = Po)qﬂt)) + 132 mm. Hg (equation
XIX) where r' is the radial Iocation of the peak.
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iee x(P_ =46+ (P = P_)Y®(!t)) + 132 relative to P + 200
or (P~ P J(r}t) relative to 1- ((P ~P) + (P + 68~ x(P - 46))) (56)

The temperature range of the eleven thermocouples in
the block is set by the room temperature (eo) to which the asbestos block
has equilibrated before the run, and the scale for simulation = say 1 mm.
Hg = n temperature units. With © corresponding to P, the dive praofile can
be fed in to the analogue via the oil bath as a simple linear conversion.
I Go corresponds to PO:-

(®-2)=n(0=-8) (57)

Hence the peak total tension versus phase separation
criterion, expressed in equivalent temperatures, may be transposed from

equation (56) to readse

L (6 - 0)0(x3t) relative to 1 ( © =8/ + (2, + 68 = x(P_ = 45)) )
iees (8 -6 )8(r}t) relative to i- ©-o) (58)

where 66-60-7)((1-::)P°+68+1+6x) (59)

However, the temperatures from which the peak, © +
© - eo)i(r;t), is selscted are measured by 11 thermocouples, each being
ultimately recorded as an e.m.f. If all thermocouple junctions have a
sensitivity of O electrical potential units per temperature unit, then the
Peak reading recorded on the chart should beg-
€.2(rit) relative to an e.m.f. € ,» Where € , is the patential fed
to the 12°® channel of the recordsr as representative of the condition for

Phase separetion. This camparison becomes realistic ifs-



Fig. 30 —THE INSTRUMENT PANEL FOR BOTH THERMAL & PNEUMATIC ANALOGUES
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(1) e=p(6~86)
i.e. the 11 thermocouples in the block have their common cold junction
kept at roam temperature (eo), and
= 2.
(11) ¢,2 2 (©~8)

i.es the cold junction for the 121;h thermocouple is kept at a temperature
6, given by equation 59, and its e.m.f. increased in the ratio Lit. Since
exact amplification is difficult and costly, it was found to be simpler to
duplicate, in series, the thermocouples between the 0il tank and the cold
Junotion box maintained at 90. The required reference e.m.f. for the 121;h
channsl can then be obtained as a tepping of % of the resistance to which
the doubled thermocouple output is fed. The circuit is shown in fig. 28
with resistance values indicated for the particular case of simulating
nitrogen uptake fram air inhalation.

The 12*® chanmel should thus automatically register
the conditions for possible phase separation relative to the transient
tensions simulated by the readings of the 14 channels recording directly
froam the asbestos block. The recorder scans the channels once every minute,
which is of the order of the delsy to be attributed to the circulation, Hence
this would seem a convenl;i.ent interval for making adjustments in determining

an optimal decompression.

6.59 Decompression optimisation

The dive aerbitrarily selected for decompression optimisa-
tion was 40 minutes at 150 feet of sea water upon air. Taking 1C° as
equivalent to 2 feet of sea water, this gives a working temperature range of

750°, i.eo maximm temperatures would not exceed 110°G for an Adelaide
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temperature which can often reach 35% for 96. Por x = 0.8, '1‘;81 = 5003800,
80 the 121;h chennel potential was obtained by taking a tepping from a 500
ohm resistor in series to 300 ohms with respect to the duplicated thermo-
couples. Taking Po = 760 mm. Hg as equivalent to 33 feet of sea water,
equation 59 giveas-

0, = (8, = 5.6) %.

For a day when the ambient temperature is 60, the
optimisation would consist of the following stepsi=

1 Bwitching on the circulation pump with the oil bath maintained
at a constant temperature of (90 + 75)°C (corresponding to
150 feet).

2. Maintaining this temperature for 40/2.,16 = 19 mins.,
applying the time base correlation factor of 2.16 derived
for nitrogen in section 6.57.

3. Rapidly quenching to (8 + 58.5) % which is equivalent to
He = 117 £t. (seweg.) determined by equation 49.

e Continuously cooling the bath from 8_ + 58.5°C to below
e, + 145% (corresponding to H_ in section 5.9), adjusting
the rate of temperature fall every minute such that the plot

of the 1 21-'h

channel (‘12) coincides with the peak of the
other 11 direct thermocouple potentials.
The optimal decompression schedule for the particular
dive selected (4O mins. at 150 feet) is suggested as that given in fig. 37.
This is the average profile given by 3 runs on the thermal analogue, no

points varying by more than 1% from the mean.
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6.6 THE PNEUMATIC ANATOGUE

6.6 Reason
If the hypothesis is correct, the thermal analogue
would seem well suited to the derivation of optimal decompressions since
these should never cause gas to seperate from solution until the point is
reached for the final rapid ascent to the surface. By this time the unit
has fulfilled its purpose.
However, neither the thermal analogue, nor any other of

which the writer is aware, can account for a phase change.

662 Principle
It is only gas in true physical solution which can

contribute to the driving force for gas transport in tissus. The problem
is therefore one of selecting a system in which the intensive parameter,
simulating total gas tension,cannot exceed the value corresponding to the
absolute pressure of gas separated from solution in tissuwe. This would seem
feasible if the trensit medium selected for the analogue is a compressible
fluid contained in a transport model whose reteining boundaries may expand.
If the resistence to this expansion is the actual hydrostatic pressure, then
movement would occur until the internal gas pressure was reduced to the
external value., This displacement would represent the total gas which could
separate from solution at the corresponding region in the tissue if total
tension were simulated by the internal pressure of the system. Moreover, the

volume displacement of the model would be directly proportional to the volume
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of separated gas in tissue 1f the compressible fluid used is a gas. i.0e
Boyle's law is automatically spplied in the analogue as it is to bubbles
forming in vivo.

The writer could find no method of obtaining a
continuous expansion of the model with respect to location, i.e. exactly
simulating £ va. r in section 5.73, without changing transport resistances
within the model. However, there would seem little approximation in
rermitting the gas to expand at the nearest of 27 separate points, each
equivalent to a different radial distance from the capillary. At each of
these points, the expansion can be very simply accammodated by connscting
the system to a cylinder in which the hydrostatic pressure is applied to the
remote side of the piston. Starting with the 27 pistons fully retracted,
their presence should have no influsnce upon the response of the modsl until
conditions for phase separation ere exceeded. Moreover, the use of individual
cylinders means that the campressible fluid in excess of equilibrium is
retained at the same radial location, and ensures that it is ewentually
returned to the transport aystem at the same point. This would aimulate the
need for separated geas to be re-dissolved at its site of deposition from
solution in order to be eliminated from tissue via the capillary.

While this overall model is able to account for a phase
change, the problem is now one of designing a basic transport system to copy

rediel diffusion in which the transit medium is a gasa.

6,63 Simulstion of radial diffusion
The response cheracteristics of any system conforming to
equation 54 are a function of capacity and resistance, their relative magnituds
and distribution. In the case of radial diffusion the substrate may be
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regarded as an infinite number of annuli, each of whoss capacity and
resistence lie in series with each other and with those of the other radial

th

segments, If the n segment has an internal radius T, and external radium

L
(1) inert gas capacity of the 2 segment = ﬂs(rn:_:r: ) (60)
(ii) aiffusional resistance of the segment

J-108 (ry,, /7) (61)

Radial diffusion from a capillary mey thus be simulated
exactly by an infinite mmber of chambers of volume propartional to (r-,

- rz) separated from the next by a tube whose resistance to flow is
proportional to log (r /r ) Reverting to finite numbers, it would be
most convenient if each of the 27 points suggested for simulating phase
separation were a chamber. Equivalent to replacing the true transient radial
distribution curve by the closest histogram, this could introduce little
error when taking as many as 27 steps.

In view of the uncertainties in estimating gas flow in
tubes, on account of end effects eto., any errors should be minimised by using
identical lengths of hypodermic tubing as representing equal resistances.
According to equation & ‘this implies equal ratios of T, /r for all values
of n. Thus taling r, /r, = 0 (a constant), snd V_ as the volum of the n'®
chamber, equation 60 indicates thatse

V«:cr3 -r -r(P‘ 1)

But r = a (the cspillary radius), r, = #? etc., such

that T = 021 giving:-
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Vo at < gt ()
or Vv, o) g2 (62)

The ebove equation gives the relative volimes of success—
ive chambers, separated by equal resistances, required to obtein the closest
approximation to the form of a true radial xesponse, Ths abzolute volumes,

however, ere set by the time base.

6464 Volume of chambers
The greatest approximation in fitting e histogrsm to the

tension distribution curve should occur for the larger radial steps, i.e. for
the greatest value of (z-m+1 - rn). For steps of equal resistance, this should
ocour for the higher values of n. To reduce the error in this region it would
therefore be necessary to reduce the capacity and hence the intercomnecting
resistance of thoss chambers.

Retaining the principle of lkeeping all resistance tubes
identical, the use of two in parallel would halve the resistance end thus
enable the volﬁms of the adjacent chembers to be halved. For m chambers
with single interconnecting tubes in series with m' interconnseted by two
tubes (helved resistances), the greatest error ahould be reduced to a minimm
if Vm = VM.. However, gas reaching the chembers more remote fram the souroce
must pass through those in between. The chambers and resistence tubes of
lower velue of n thus exert a greater influence upon the trensmission. A
somewhat erbitrary compramise was therefore reached in halving the resistence

between the 19 sth and 16th chambers, and all subsequent resistances, such that
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rm_‘/rn = P according to equation 62 and the definition of P. Hypodermic
tubes connecting the 15th to the 161-'h and all aubsequent chambers were
duplicated in parallel - see fig. 33. Hence, by e derivation exactly
parallel to that of equation 62,
2,2 2(n=13)
V!{Vusrx/rissp (63)
for n #15.
12
For n = 27, rz.’/:t-13 = p
Equation 62 still holds for 1 € n €15, giving:=
28
WXL
Hence, r, /r = P*° = b/a = 5.29 (section 8.67)

since r o=a end r,.,= be Thus P = 1.035 for the resting condition.

Having deteﬁnined this constant, the relative volumes of
chambers 1 to 14 can be determined from equation 62, while chambers 15 to 27
are given by equation 63

The absolute volume is set by the cepacity of the
hypodermic syringes used as the best source of transparent cylinders of
precision bore. The lergest available in Australia has a naminal cepacity
of 50 ceC., or practical maximm of 62.7 c.ce Allowing 2.4 as the maximum
pressure ratio for bends pain, the same expension ratio on the analogue
would 1limit the volume of the largest (27th) chamber to 4.8 c.c.

Chamber capacities and dimensions calculated upon this

basis are given in teble 16.
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CHAMEER VOLIMES & NTMENSTONS

Single intercommecting tubes Double tubes (half resistance)
Nominal | Chember Nominal [Chamber
Chﬁrg‘t.)er \(fgf.l.;n:? hypo- |internal|Iength Gh;;:g L 1(7:11:1? hypo- |internal [Iength |
dermio diam, b *ve/ dermic diame
1 34899| 2 ceca | 242" 15 | 17.28(50 cec. %" 2,69
2 | 4e570| 5 coce 2.84* 16 | 18.73|50 c.c. . 2eN"
3 | 5.357110 c.c. 3633 | 17 | 20.26(50 c.c. » 3.15%
L | 6.278|20 c.c. 390" 18 | 29.9|50 c.ce. " el ®
5 | 74359|20 cec. 2,03 19 | 23.7%(50 c.ce » 3.69"
6 8462620 c.c. 2,38" 20 25.73|50 cCeCe " 4. 00"
7 110.41 [20 c.c. 2.7 24 27.83|50 c.c. Le33"
8 |11.85 [50 c.c. 3.27" 22 30415|50 cec. " Le6F*
9 |13.89 [50 c.c. % 3. 84" 23 3246250 cec. o 5.0
10 16.28 50 CoeCo 4.50‘ 2)+ 35.3!- 50 CeCoe ;" 5!14-9.
11 [19.08 [50 c.c. %- 527" 25 3842350 cece ?" Se M
12 |[22.36 |50 c.cC. AW 348" 26 44 42|50 cece ?" 6.44%
13 26;21 50 c.c. %‘ li-oor 27 Mo& 50 CoeCoe !’ 6.97‘
14- 30.73 50 c.c. . 10-078“ Totel 564-8

TABIE 16

6465 The resistances

In deriving the above dimensions of the gas chambers
such that the system has a response format exactly similer to redisl diffusion
into an annulus of dimensions b/a = 5.29, it has been assumed that all
interconnecting tubes represent an equal resistance. However, in conforming
to equation 54, this presumes equal moler flow rates per unit pressure
gradient whatever the pressure renge.

According to standard textbook derivations, e.g. Coulson
and Richerdson (1957), the flow of a campressible fluid in a smooth

horizontel pipe may be expressed as:-

(?)z log (:;:) + % + 4 (Fr) %" (:i:)z =0
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where & is the mass flow per unit time, 1 is the tube length, d the diameter,
v, the volume cocupled by unit mass at pressure P, and (Fr) is a dimension~
less friction factor. Taking long narrow tubes, i.e. 1/d large, the term
(%/a)2 log(P'/Pa) can be ignored glvings-

(5A)2 o (P:-rf)/(rr),sime Pv, = constant for isothermsl conditioms.

While (Fr) is often assumsd constant in pipes, it is
felt that any resistance tubing used in the analogus must be tested
experimentally. The required relationship ist-

(¥a) = (, = P,) (6)

Various porous plugs were tried over the pressure range
0=100 p.sei. and found to be totally unsatisfactorye.

The closest approximation to the desired variation of
mass flow rate with pressure difference was found using 18" lengths of 27-
gauge hypodermic tubing. The times (t‘) required to collect 1 litre of

transmitted air in a graduated flesk are recorded in table 1 7.

PRESSURE DROP vs. FLOW RATE IN RESISTANCE TUBES

Pressure drop Collection time -3
(OP) in p.s.ie. (ta) in secs. 10 (Ap)t..
99¢5 222 2241
75.5 m 22.6
50.0 435 4.0
26.5 837 22,2
Average 22.7
Meximzn deviatiom 5.7%

TABIE 17
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Since & e 1_/1:‘_. the values of (AP)-I_:. sre sufficiently
constant to claim that the condition expressed by equation 64, and hence
equation 54, is satisfied and the tubing used for the experiment summarised
in table 17 is suiteble for simulating resistance.

6466 The overall design
In the final design the resistance presented by radial

diffusion is simulated by the 18" lengths of hypodermic tubing described
earlier, each connecting chambers of the net volumes indiceted in teble 16,
These represent the simultaneous resistence and capacity effects, the overall
layout being shown in figs. 33 and 34.

The net chamber volumes are those available for gas
storage with the pistons pressing egeinst the '0! rings at the base of the
cylinders. This form of seal is found necessary to prevent ail lealking into
the chambers when their internal gas pressure is far below that of the oil.
For any other position of the pistons, gas and oil pressures are equal and
0il seepage is no problem.

The chambers are made " longer thau the lengths given
in teble 16 and the end 1" is tepped. The net volume is attained, before
drilling the holes for the resistance tubes, by pouring the corresponding
volume of liquid into the chamber and adjusting the end-plug until the
liquid is just level with the top of the '0' ring,

The plugs are then marked and removed. After withdrawing
the liquid these end-plugs are returred to the same mark, all threads being
well bound with P.TJF.E. tape to avoid gas leaks.
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Several methods of operating the anslogue have been
tried. In the most successful, ges is fed to the end chamber at a pressure
reduced in proportion to the mole fraction (x) of the pressure of the
diver. This feed pressure is then raised by a factor of (11-) for application
to the oil which now corresponds to the depth of the diver. This conversion
is performed autametically by a pressure transducer consisting of two opposed
pistons of areas in the ratio 0.8:1 (for air) - see fig. 32. It is not
practicable to adopt the alternetive method of feeding the diverk pressure
direct to hydreulic mein end obteining a reduced pressure source for the end
chamber. This erises from the fact that the gas fed to the chambers must far
exceed the total oil displacement such that the latter elternative would
require a far greater piston capacity for the transducer.

Information is fed to the analogue via the recorder-
controller which varies the balance between a high=pressure air feed for
the buffer tank and a continual bleed. The control system is outlined in
the flow diegrem shown in fige 33. To ensure fidelity to the data analysed,
the pressure in the buffer tank is recorded on a chart upon which the depth-
time profile of the dive has been previously traced after carrection for the
time base. If the two plots are not closely superimposed the result of the

analysis by the analogue is disregarded.

6.67 Allowance for minor corrections
In enalysing the extent of phase separation ons is
primarily concerned with the total seperated ges pressure before coalescence
(P + 10) mm. Hg (section 5.77) relative to the total gas tension (aP - 4éx

+ 132 mn Hg) - taking the venous limit of equation 48. Corrections for
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applied very simply by adjustment of the pressure () applied between the
transducer pistons - via the oil in the total displacement indicator (item
3 in fig. 33).

For piston areas in the ratio 4ix, the correct tensions

absolute pressure relationship is preserved ifi=-
x = Jet load on mnallgiaton.xP-Qé+]§2-II
Net load on large piston P4+ 10 =
i.0. if I = 2;_:-Oxnm.ﬁg
For air (x = 0.8), I = 435 mm, Hg.

The volume indicator tube was thus kept under a
vacuun of 325 mm. Hg by means of the pump shown.

A feature of the analogue is the automatic integration
of the simulated seperated gas afforded by measuring total piston displacement
as the net discharge from the hydreulic main. This is measured indirectly
in the plastic tube through which the pressure (I) is applied to the backs
of the trensducer pistons.

The common oil supply to all hypodermic pistons has the
desired effect of '"cutting off'! the tension distribution curve as illustrated
in fig. 12, Visual observation of the glass cylinders shows a piston
displacement corresponding to a histogrem of the theoretical seperated gas
distribution, i.e. § vs. r in equation XXII. The total oil displacement is
thus the integral of this curve with Boyle's law automaticelly applied such
that it should be directly proportional to the total volume of ges separated
in the region influenced by one capillary. It is thus a direct indication of
the proximity to marginal symptoms if the hypothesis is fundamentally correct.



PNEUMATIC ANALOGUE

Fig. 34 —THe
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60,68 The time base

Although the time base could be estimated theoretically,
it was considered more realistic to determine it experimentally.

A pressure geuge was fitted to the 27th chamber end e
constant p:eésuze of 90 p.sei. applied to the 1st chamber. The oil was
kept at 100 p.s.i. to ensure all pistons were seated firmly on the '0' rings,
since the time base required was that of the basic transport system corres-
ronding to tissue without phase seperation. Various leaks were stopped until
the last chamber read 90 p.s.i.

This gauge wes then replaced by an end-plug, correctly
located, and the whole system of chambers left for 12 hours to reach a steady
90 pesei. throughout. The connection to the first chamber was then suddenly
cut and the free end placed under the neck of a large measuring cylinder
inverted in water. The cumulative volume of gas (G) evolved from the
analogue was then recorded against time. A final value (G,) wes taken
after 12 hours. A semi-log plot of (G, = G) vs. t confirmed that (G, =~ G)
may be expreseed es the sum of a mmber of exponential terms - as illustrated
in figs. 17 and 19.

The predominating first term gave a time constant ofg=

A = 0.01 74 min.™
In section 8.65, D/e” 1is derived from dive analysis asi-
D/a® = 0.429 min,™
For b/a = 5¢29, fig. 42 or equation VIII givesi-
o.a' = 0,26
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Hence, according to equation VII. the firat time constant
of the critical tissue type (resting) is given by:-
k, = G:D = (D/a?) (aai)' = 0.00872 min."!

R
Time base of tissue 0
& Time base of analogme ™ k': = o'.goo'g‘ztz =1.99

This experimental value is remarkably close to the
factor of 2 used in deaign.

Henoce data must be fed to the analogues 1.99 times faster
than the dive was performed in practice.

6.69 Preliminary trials

The pneumatic analogue is really an analytical tool
permitting estimations to be cbtained in cases where the transition points
introduced by phase separation render conventional mathematical methods
almost impracticable. Results of such analyses are not recordesd hsre but
in the context relevant to the particular dive.

However, a generel qualitative description of a typical
run may serve to illustrate the adherence of the instrument to the hypotheaia
proposed. At maximum pressure, equal to the 'bottam depth' of the dive to be
analysed, air enters the end chamber and gradually flows further into the
systeme The oil is at e greater pressure, corresponding to that of the diver,
80 all pistons are kept pressed ageinst the '0' rings. Each chamber is thus
reduced to its minimum effective volume necessary to simulate radial diffusion

according to table 16.



Fig.35 — THE DEPTH RECORDER
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The greater the pressure epplied to the buffer tank,
the greater the differential between the oil and the pressure of gas fed
to the end chamber. This corresponds to the inherent unsaturation increasing
with depth (equation 48).

Upon decampression the gas transport process is reversed
unless it is 80 rapid that the delay in air passing through the hypodermic
tubes is such that the pressure of gas in one or more chambers exceeds that
of the oile The pressure differential in each chamber is then repidly
dissipated by the pistons moving in the corresponding cylinders.

If left at a ocertain pressure the displacements axe
oliminated in turn starting with the oylinders closeat to the source
simulating the capillary. One piston must be campletely returned before
the next starts to move - just as required by the hypothesis and illustrated

6.7 FIEID WORK

6eM  Scope
The ultimate test of any quantitative hypothesis of

decompression sickness is its ability to predict the outcome of dives
actually performed in the ocean. Most sets of published dives refer to
decompressions styled upon a Haldane-type of epproach, their similarity of

form rather limiting the advantages of using such a volum® of data in acceptin

or rejecting any hypothesis.
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However, a startling contrast to Naval-styla dacom-
pression is provided by empirical techniques regularly practised by pearl
divers operating off the coast of Australia. Fortunately, these include the
two types of dive most difficult to correlate by conventional theories, vizi-

1. Long and deep dives, as performed regularly in the Torres
Strait - see Appendix I, and

2. Repetitive divea, as performed regularly in the shallow waters
around Broame, Western Australia.

A visit to Broame was arranged as a joint venture with
the Aeromedical Unit (Adelaide) for the purpose of plecing the local diving

technique on recorde.

6.72 Instrumentation
The methods normally used for measuring depth on board of
the pearling luggers, viz. marks on the life~line or tank pressures, were
considered far too inaccurate. The instruments selected were ex-Naval torpedo
! Gepth~and-roll' recorders (U.S. Navy, 1922) s with the following modificationsy
1« Duplicated springs to extend the depth renge to 150 feet.
2. Modified governors end gearing to permit the chart to run for
1 hour upon {1 winding of the clock springs.
The unit was thus completely self-contained and housed
in a casing made to resist salt water. The modified unit is shown in fig,
35. Its submersed weight of 11 1bs enabled it to replace the lead weight

normally strepped to the back of the conventional diving suit.
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6«73 Visit to Broome

One month was spent aboard the "Kuri Pearl® which is a
240 ton motor vessel used to service a fleet of 5-8 luggers oyster fishing
on the Continental Shelf off the North-west coast of Australis. November-
December was selected as the end of the season when S.E. winds normally turn
the shallower water green, forcing the !stronger' divers to venture to depths
of 20 fathoms and above. However, this had not occurred in December 1 964 so
most of the value of this visit was lost.

The divers in Brooame were all aware of Naval decampression
tables but would not use them for economic reasons, their own empirical
methods returning the diver to the surface in fer shorter times.

Despite the unfortunate timing of the vislt, two records
of a day's diving were obtained which proved safe, yet were outside the
limits permitted by Naval tables. These are shown in fig. 36, and analysed

in section 8456,

6.8 D[ECOMPRESSION OPTIMISATION TESTED IN VIVO

60& Obl']ect
If the hypothesis is correct, it would predict an

apprecisble reduction in total decompression time, the greatest uncertainty
being the depth for direct surfacing. A most pertinent test of the hypothesis,
and its possible value to diving, would consist of *titrating' the time of
direct surfacing of an enimal which has undergone the optimal decampression
format derived by the thermal analogue (section 6.52). The whole of the dive

erbitrarily selected (4O mins. at 150 feet) end decompression format (fig.
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37). needs to be repastad upon each occasion that one reduces the total
decompression time, i.e. advences the time for rapid decampression to
atmospheric pressure. Such trials must be separated by intervals of at
least 2 deys to avoid retention of any effects from the previous rune

The enimals selected were goats sinoe these are of
campereble body mass to men and have proven of similar susceptiblility +to
decompression sickness (section 1.42). Davidson et al (1950) and

Hemplemen (4960) describe the advantages of using these animals.

6.82 Egquipment
Pressurisetion is effected in the chanmber shown in fige.

38 and 39 by dry warm air supplied from the campressor and ancillery equip-
ment shown in fige 40. Three bottles of compressed air are used to boost the
rate of compression to permit simulation of a diver descending at the con-
ventional rate of 60 feet per minute.

The tenk can be programmed for any reasonsble pressure-
time relationship by msans of the progrem transmitter and associated trens-
ducers shown in fige 44. The desired decampression is plotted in rediael
co-ordinates on a bress sheet and then cut out as a cam = Jjust visible in the
right=hand instrument case shown in fig. 39. This guarantees repetition of
the same decompression for successive runs of a 'titration'.

A uniform flow of fresh air is supplied to the enimels by
means of e manual by-pass for the sutomatic inlet control valve. A decam-
pression cen be terminated at any time by venting the tank air through the

manual exhaust valves shown in series with the rotemeter in fige. 44.
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6.83 Procedure

One or two of the three female goats were used at

a time. These were designated A, B and C and had the following weightss~
A = 7% lbs.
B = 66 1bs.
C = 54 lbs.

The goats would be placed in the chamber on a tray
containing dry earth, and permitted to eat es much hay as they wished.
After bolting the door, pressure would be aspplied, the timing of the dive
starting from the manent of attaining half the maximum gauge pressure, i.e.
at 75 feet (8.Wege.)e Upon reeching the equivalent of 150 feet, the pressure
would be autometically maintained constant by meens of the recorder-
controller set at the eppropriate control position. After 4O mins. the
latter unit would be switched to the program generator containing the cam
for the particular decampression format ﬁhﬂduhd for that rune.

When the total decompression time had expired, all
exhaust valves would be opened fully and the gauge pressure brought to zero
within 10+ 5 secondse The animals would then be watched, through any of the
four windows in the tenk, for the next five hours to see if symptoms
developed. Cases of bends were easily recognized by the enimal lifting a
hoof. With the door bolts still in place, the writer would wait a further
two minutes to see if the other goat developed symptams and would then
recompress both enimals to 30 feet (sewege) upon 1008 oxygen. This invariably
elleviated all symptoms. This treatment would be continued for several hours

to minimise the effect of the run upon subsequent runs.



6.0k Resulis

Runs using the 'tlwmodyna;ic' type of dscompression
derived from the thermal analogue (section 8.67) were interspersed with
fcontrol' runs for which standard U.8. Navy or Royal Navy tables were used.
All three types of decampression ere plotted in fig. 37 for the same exposure
of 40 mins. at 150 feet, The results are given in table 18. All runs except
No. 2 were performed under resting conditionse.

SUMMARY OF GOAT TRIALS

Decaompression d::;i‘} B Number m % with
Lormak pression |total [safe|% seafe s oians decom=~ | symptoms
tine YIop pressions
Thermodynsmic | 35 mins. 4 0 0 1 1 (100)
Thermodynamic | 37 mins. | & 2 | 50% 2 é 3
Thermodynamic | 39 mins. 4 L | 100% 0 8 0
Royal Navy 75 mins. | 1 1| (4100) 0 2 0
TABIE 19

6,85 Conclusions
The following festures of tables 18 and 19 would seem
to justify comment:-
1. Symptoms agppear much sooner using U.S. Navy tables.
2¢ Every run proved unsafe using the U.S. Navy tables.
3« All three goats experienced bends, at some time using the
U.Se Navy tablese
These facts would indicate that the goats used were more

susceptible to decompression sickness than the pre-selected U.S. Navy diver,
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SIMPTAMS RECORDED IN GOATS DECOMPRESSED BY VARIOUS METHODS

Run Symptoms recorded Decompression Total Number of cases Total
No. Date Goat A Goat B Goat C format used |decompression | severe|mild [total|decompressions
time
1 | 7/6/166|No symptoms - . - Thermodynamic| 40 mins. 0 o] o 1
2 | 9/6/'66|Mild bends in LY |vo symplons - Thermodynamic 35 mins. 0] 1 1 2
(35 mins.)
3 [4/6/166|No symploms No symptoms - Thermodynamic 37 mins. 0 0 0 2
L N6/6/166|Severe bends in L.Fe|Mild bends in Ll.H. - UsSe Navy 59 mins. 1 1 2 2
(1 min,) (2 mins.)
5 |21/6/166|No sympltoms Mild bends §n L.H. - Uue3e Navy 59 mins. 0 1 1 2
(2 mins.
6 |23/6/'66|No symptoms No symptoms - Royal Navy 75 mins. 0 0 0 2
7 128/6/166|No symptoms Hyperpathia® R.He. - Thermodynanic 37 mins. 1 0 1 2
(29 hours)
8 | 5/7/'66|No symptoms - - Thermodynamic| 37 mins. 0 ol o 1
9 | 7/7/'66|Mild bends in R.H. - - Thermodynamic| 37 mins. Y 1 1 1
(L"8 mins-)
10 1V7/'66 No sympioms - No symptoms Thermodynamic 39 mins, 0 o 0 2
11 |19/7/'66|Severe bel)rlds in R.F. - No symptoms UeSe Navy 59 mins. 1 0 1 2
(1 min.
12 |21/7/166|No symptoms - No symptoms Thermodynamic 39 mins. 0 0 0 2
13 |26/7/'66|Mild bends in L.H, - Severe bends in R.F.| UsSe Navy 59 mins. 1 1 2 2
(1 min. ) (<1 min.)
14 |28/7/166|No symptons - No symptoms Thermodynamic 3% mins. 0 0 o 2
15 | 4/8/166|No symptoms - No symptoms Thermodynanic 35 mins. 0 0 0 2

Rola righ‘t hindlcg
L.He left hindleg
Rel'e Tight foreleg
L. left foreleg

TABIE 18

®* A pathological investigation failed to reveal whether the trouble

was decompression or other injury - the goats had been climbing

trees that day.

+ Goats were fighting at pressure - exercise conditions.

Pigures in parentheses indicate the time of onset of symptoms
following return to sea-level pressure.

o
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The 'thermodynemic' decompression equivalent to the 59 mins. advocated
by the U.8. Nevy is probebly in the region of 36 + 2 mins, for goats.

The very much longer onset time recorded for ceses
following the thermodynamic format would support the theoretical postulations
thati-

1+ Gas has separated from solution long before the U.S. Navy
would return their diver to the surface.
2. Beparated ges must be given time to congregate before it can

become manifest as symptoms.

6.86 Future work
While the above results refer to goats only, they hold
the implicetion that the seme mathematical expressions mey also prove
realistic for decreasing decompression times for divers. S8inoce trials upon
men cennot be undertaken by a Faculty of Engineering, the writer has made
tentative arrangements to further such work during a visit to the Royal

Naval Physioclogical Leboratories.
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THE PROPOSED HYPOTHESIS

7.4  GENERAL

The foregoing experimental work would not seem at variance with
any features of the hypothesis derived from fundamental physical and physio-
logical parameters in chapters 2-5. In fact, the results support the three
major deviations from conventional theory which are:-

4+ Rendom nucleation by decompression in vivo.

2. An inherent unsaturation in tissue which increases with depth.

3s Cellular diffusion coefficients several orders lower than
gererslly presumed fram steady-state determinations.

The sbove features are combined with others, which have been
described previously, to give a quantitative hypothesis which may be

sumarised qualitatively by the list of salient points emmerated below.

7.2  SALIENT FEATURES

1. Quantitative analyses of decompressions should be based upon
the 'worst possible' combination of physical and physiological paremeters
rether than the average likely to occur in the critical tissue type.

2, Nucleation of tissue supersaturated by decompression is a
randam process, the 'worst possible! zones being those in their most stable
thermodynamic state, Z.€e. whére there is complete phase equilibration at all
times. In such regions, all gas in excess of seturation must be presumed to

have separated from solution.



Je Ihe diffusion cwefiicients of gases in cellular materiel are
several orders less than the corresponding values in blood or interstitial
fluide These must be determined by a truly transient method.

k. The 'worst possible' regions for bloodstissue exchange
occur where two or more irregulerly-shaped cells campletely envelop a
capillary. The mathematical trensport model for the worst possible case is
thus one of radial ges diffusion from a cylindrical capillary into cytoplasm.

5« There is a driving force for re-dissolving and transporting
separated inert gas to the cepillary. This arises from metsbolism and in-
creases linearly with pressure, becoming esppreciable for any depth from which
decampression may provoke symptams.

6. Gas separating from solution is initially deposited as very
fire bubbles or films, preferentially located at any direct lipid-aqueous
phase boundaries which may exist within the critical tissue type. The
coalescence of these films, or congregation of the bubbles, can be accelerated
by movement of the tissue.

7+ Pain, or other symptoms of decompression sickness, can become
manifest when the gas-tissue pressure differential is sufficient to cause a
rerve ending to be bent or otherwise distorted beyond a criticel threshold.
This can occur when a local concentration of mechanical stress arises by
virtue of the random congregation of bubbles described above,

8, The criterion for the threshold to be exceeded can be

expressed quentitetively by one equation (XXX) for eny conditions.
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ASSESSMENT OF THE HYPOTHESIS

8.1  QUALITATIVE ASSESSMENT

8.11 General approach

Decompression sickness is mentioned a minimum number of
times during the derivation of the hypothesis in chapters 3, 4 and 5 in
order to attain a more fundamental approach. Having finalised these
deductions (chapter 7), the task is now one of testing the compatibility
of this postulated theory with the many phenomena recorded in the literature
which are specific to decampression sickness.

This initiel qualitative assessment takes the form of a
camparison of this hypothesis with the published theories on the broad
issues of 2~ |

(a) the mechenism ~ phase equilibration or supersaturation,
or theories of bubbles whose growth is limited by inter-
phase gas transfer.

(b) trensport = radial diffusion or blood perfusion as
rate=limiting.

The aspects specific to the development of symptoms

are listed below and classified where feasible into the following sections:-

8.12 Random phenomena
Two of the most striking features of decompression

sickness are the variable onset time and the random occurrence of symptoms
when the safety limits for any decompression format have been exceeded

(section 1.25). Most theories avoid these issues as irrelevant to the



calculation of the safety limits
observation must be the manifestation of at least one random physical or
physiological process, and that no theoretical approach is comprehensive
unless the model or mechanism postulated has at least one stage demanding
statistical interpretation. The specific points to be correlated may thus

be listed as follows:-

(1) Random occurrence which is compatible with the thermodynamic
hypothesis on the grounds of random nucleation (section 4e34), no metastable
limit being postulated as implied by the theories based upon a critical limit
to supersaturation. This effect is enhanced by the irregular nature of
tissue geometry postulated (section 5.4) in which only a few regions would
conform to the worst possible transport case of two cells enveloping a
capillary. The probability of any one of these zones of the critical tissue
type being sufficiently nucleated to acquire phase equilibration should thus
be of the same order as the fraction of cases recorded in marginally unsafe
decompressions (table 26). A more quantitative correlation is not possible
without knowing the tissue type responsible. -

(ii) Increased incidence of symptoms with increasing decompression
which is noted when the safety limits have been exceeded. This is illustrated
by Bateman (1951) for aerial decompressions to altitudes in excess of a
threshold in the region of 22,000 feet (section 13 ). The increased
incidence of symptaoms in the sgme individuals with greater altitude is
compatible with the increasing probebility of gas phase initiation occurring
for greater decompressions. This can hold only if the metastable zone

implied by supersaturation theories were really one of randam nucleation.
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(iii) Randam onset time of symptoms (section 1.25), which is
campatible with the random nature of gas coalescence or the congregation of
bubbles into a region where their integrated mechenical stress may cause
symptams (section Lel)e

This phenomenon would seem more difficult to correlate
with supersaturation theories, most of which imply that the mere presence
of the gas phase provokes symptoms. This opinion is enhanced by the ocbserva=-
tion that nucleation invariably occurred within a minute or so of very rapid
decompressions in vitro (section 4.2)s This is an order or two different
fram the onset time for symptoms (table 1).

If the rate of transfer of nitrogen from tissue fluid
to the gas phase were the critical mechanism one would anticipate far less
scatter in the time during which the bubble would reach a critical size
under identical external conditions. This would tend to detract from the
theories of Nims and Bateman as interpreted in section 1.67.

More significant is perhaps the effect of exercise

~

upon onset time,

8:13 Stimulation
The effects of stimulation upon the incidence of
symptoms differ according to the form of the stimuletion end the stage
of application, i.e.
(iv) Exercise following decompression decreases the onset time
of symptoms (section 1.46). This observation is campatible with the
hypothesis since the mechanical action of exercise should hasten the

congregation of gas separated from solution.
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Mechanical strain impartad by exercise is

pu
by many advocates of limited supersaturation theories as an additional

source of decompression (section Li2). However, one would then expect

phase separation to occur with the first straining movement giving
instantaneous nucleation and hence immediate symptoms.

While the foregoing items concerning onset times would
favour the thermodynamic hypothesis, there would be nothing to prevent the
concept of coalescence being incorporated into other theories.

(v) Exercise at depth increases the incidence of symptoms
(section 1446). This cbservation is readily explained by increased uptake
of inert gas and cen be thus claimed as compatible with all theories.
Mathematically, this may be expressed for the thermodynamic hypothesis as
a decrease in the (b/a) ratio in Equation VII.

(vi) Exercise during pre-axygenation tends to reduce the incidence
of symptams (section 1.46). This is again readily interpreted by all
theories on the basis of increased venting of inert gas prior to decompression

(vii) Increased temperature following decampression tends to
reduce the incidence of symptomse. This may be similarly interpreted by all
theories in terms of increased blood:tissue exchange.

The effects listed in items v, vi and vii might seem
too small to be interpreted by the corresponding increase in blood flow to
the overall regions contracting symptoms. Jones (4 951) discusses the
marginal effects of exercise. However, edvocates of circulation-controlling

transport processes would seem to have an explanation consistent with their
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model in attributing such apparent discrepancies to heterogeneous
perfusion producing a marginal increase in blood flow to the unidentified
critical tissue type.

(wiii) Exercise during decompression increases the chances of
symptoms occurring (section 41.46). This would appeer contrary to all theories
in which any degree of supersaturation is postulated in estimating the
proximity to symptoms; exercise could only accelerate tissue desaturation
if no phase change has occurred.

According to the thermodynamic hypothesis, however,
this increased loss of inert gas via the capillery should be directly opposed
to the other effect of exercise in simultaneously promoting coalescence. The
relative predominance of these processes should depend upon the quantity of
separated gas present during decampression. Hence the thermodynamic
hypothesis predicts that exercise during decompression would not be advocated
by the U.S. Navy (41964). They make a very long first 'pull' fram the bottom
during which much gas should separate from solution. This could then
coalesce during the remainder of the decompression to a form less condusive
to re-solution in later stagings. It is Naval experience to avoid exercise
during decompression - Behnke (1951).

On the other hand, adherence to the optimal conditions
proposed in section 5.9, in which no phase change should occur, would
indicate that exercise during decompression should reduce the incidence of
symptoms. In this respect it is interesting to note that caisson workers
appeared no more susceptible to bends by walking during the 'deep' stagings

used by Japp (1909).
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8.4  X—ray data
Ferris and Engel (1951) state that the first X-ray
studies of decompression sickness, made by Evelyn (1941) and Boothby et al
(1940), demonstrate the presence of bubbles or accumulations of gas in
Joint and tendon sheath spaces. Subsequently, Webb et al (1943) and
Blankenhorn and Ferris (41 94) have found that gas occurs in three formss-

(a) In the joint where there is no correlation with pain.

(b) 4s discreet round gas bubbles in the periarticuler tissues
about the knee joint, usually seen just behind or lateral
to the neck of the femur in the popliteal fat pad.

(c) PFine longitudinal streaking in the popliteal fossa which
sppears to be distributed along tendon or muscle bundles.
Stereoscopic studies of these lesions reveal them to be
“wide, flat ribbon-like shadows" presumably of finely
dispersed gas particles. They can be seen only when the
angle of the X-rays to the band is obtuse.

Webb et al found that streaking could predict 74 out of
85 cases of decompression sickness correctly. 6 cases were found displaying
streaking but no bubbles or pain. The occurrence of a phase change without
pain has been confirmed by Thomas and Willisms (1 %44). In view of the
observations of Ryder et el (145), who found the first indications of
streaking to occur at an altitude of 412,000 feet, it would seem that the
"flat ribbon-like shadows® ere an initial stage in the formation of bubbles

- possibly the gas films predicted thermodynsmically (section 7.2).
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While all theories would agree with the correlation
between bends and recognisable bubbles, the points which offer a more
critical comparison ares:-= i

(ix) Streaking of Xeray plates, which may be observed with or
without the simultaneous occurrence of symptoms. This is one of the
strongest points in favour of the thermodynamic hypothesis since it
provides direct evidence of the presence of seperated gas prior to its
coalescence or congregation into a bubble of sufficient size to provoke
pain, This practical observation is very difficult to interpret by any
theory opposed to the concept of "silent bubbles®.

(x) Minimm altitude for streaking, which implies the decom-
pression needed to initiate phase separation. The Qtihﬂe range of 10,000~
12,000 feet, as the point at which changes occur in X=ray photographs and
the fluid volume of the spinal column etc., is discussed quantitatively in
section 8424,

The above data is incompatible with any decompression
ratio or fixed &P of the order envisaged by advocates of limiting super-
saturation theories. Moreover, such a threshold is difficult to envisage
from the mathematical expressions of Nims, Bateman or Albano (sections 4 .66
and 1.67) which imply that growth of the gas phase should start for any

decompression from ambient.

8.45 The effects of increased oxygen

The effects of increasing the mole fraction of oxygen

in the inhaled gas mixture invariably reduces the likelihood of symptoms.
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However, the relative extent of protection is not obvious and leads
to the following aspects requiring correlation:=

(xi) Oxygen wash-out before decompression, which reduces the
probability of symptoms occurring later - whether epplied prior to aerial
ascent (section 154) or for a short time immediately before rising from
depth (section 1+53). This phencmenon can be readily expleined by all
theories on the general basis of 'washing out' the inert gas although few,
if any, derive quantitetive expressions showing that oxygen does not
replace the irert gas in the criticel tissue type. Quantitative account
of this phenamencn can be taken by the thermodynamic hypothesis in the form
of equation XII, where decreased x (higher O2 mole fraction) decreases g
and hence the proximity to symptoms (equation XXX).

(xii) Incresse in the minimum deptk for symptoms, which is found
with breathing gas with a higher mole fraction of O, (section 453). Accord-
ing to equation 48 increased partial pressure of inhaled oxygen should
correspond to the ircrease in inherent unsaturation, permitting men to
surface directly from greater depth. Quantitative correlastion is contained
in section 8.25.

(xiii) Improved treatment of symptoms by using increased oxygen
during recompression, which is a technique found advantegeous by Goodmen
and Workman (1966). According to the thermodynamic hypothesis this again
corresponds to a greater value for the driving force (&p) for inert gas

re-solution (equation XXI).
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(xiv) Decreased adventege of preoxygenation at altitude (see
section 1¢54). According to the thermodynemic hypothesis this observation is
compatible with a lower value of &p in equation XXI, or driving force for inexrt
gas elimination, for a smaller valus of P. This phenomenon is difficult to
explain by any supersaturation theory since the tension differential providing
the driving force for inert gas 'wash=~out' by 1004 0, should be the seme for
any absolute pressure. According to such theories no phase change should occur

until higher altitudes are reached.

816 Qther gases
The variation of the proportion of gases other than oxygen

leads to the followirg points for correlations= .

(xv) The substitution of other inert gases for nitrogen, perticularly
helium which is less soluble in both agqueous and lipid phases. The advantages
of using He for dives of long durstion are compatible with all theories
qualitatively, the relevant expression for the thermodynamic hypothesis being
equation XII.

(xvi) Increased inhaled carbon dioxide, which has a negligible effect
upon bends incidence (see section 1.44). According to the thermodynamic
hypothesis the substitution of GO2 for inert gas in the atmosphere should cause
almost the same change in the corresponding cell tensions. However, total cell
tensions would herdly chenge, and since this is the relevant parameter
determining the extent of phase separation, there should be negligible effect

upon the incidence of symptoms.
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of critical supersaturation if one accepts the experimental acetylene
results (fig. 19). These indicate that substitution of a more soluble for
a less soluble gas should greatly increase the probability of cavitation for
the same tissue tensions and extent of decampression.

According to theories in which gas transfer across the
bubble -fluid interface is rate-limiting, one would again expect the higher

solubility of t’JO2 to increase bends incidence.

817 Parameters of the individual

The factors which mey influence individual susceptibility
to decompression sickness ere listed as follows:-

(xvii) Obesity, in which susceptibility increases with the more
corpulent individuals (section 1.3). This observation would seem equally
well interpreted by all theories on the basis of a higher fat content of the
overall body being reflected as a higher lipid content in the critical
tissue type, i.e. increased 8 in equations XII and XXX.

(xviii) Water balence, in which a high natural fluid turnover has
proved an indicator of individual susceptibility (section 4433). The writer
could find no fundamental interpretation of this phenomenon inthe literature,
Jones (1951) describing it as "puzzling".

However, Macfarlane (41965) has shown e definite increase
in water turnover rate with the water content of cattle grazing in different
parts of Australia. Moreover, many references ere quoted by Keys and

Brozek (1953) illustrating the reciprocal nature of water and fat contents
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of the human body. Without going more deeply into this aspect it would
seem that higher natural water turnover is an indication of a lower
inherent lipid content, and hence lower susceptibility to decompression
sicknesse This would again be equally acceptable according to all theories.
Possible Jjustification for the assumption that the

overall fat content of the body is a reflection of the lipid content of the
critical tissue type is provided by Gersh et al (1944). They find a definite
correlation between average fat and the lipid content of tendon in guinea
pigse

(xix) Age, where advancing yeers increases susceptibility (section
1¢32). This would correspond to increasing elastic moduli according to
equation II. Moreover, the direct proportionality expressed in this
equation transposes a linear increase of tissue modulus with age to one of

susceptibility with age (section L4e16).

8418 Miscellaneous phenomena
Miscellaneous aspects of decompression sickness which

further illustrate the diverse nature of phenamena to be correlated include:-
(3x) The diwrmsl bends effect. This is only recordsdfor negative
gauge pressures and is far more pronounced at greater altitudes (section
1.42). It is readily interpreted by the thermodynamic hypothesis on the
basis of the diurnal shift in metsbolic rate. This is confirmed by Stevens
et al (19%7) on the basis of oxygen consumption measured during decompressian
trials in which there was found to be no change in the elimination rate of
inert gas. Quantitativeiy, equation 38 would predict that in the afternoons

the metabolic rate (M) would be greater and hence (po + pc) would be smeller
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than in the mornings. Hence the total tension of all volatile cell
camporents should be smaller and so there should be a lower incidence of
symptoms in efternoon trials. The extent of this tension chenge could not
exceed the 40 mm. Hg meximum differential set by metebolism (equation 48).
Moreover, this difference between the limiting values only becames apprecialile
relative to absolute pressure at high altitudes. Hence the increase in the
diurnal bends effect with increasing altitude is offered as one of the

major points supporting the more pronounced role of the reactive gases. In
the conventional theories no reference could be found to a quantitative
assessment of the effects of metebolism upon decampression sickress.

(xxi) The decreasing tolerance of pilots to successive aerial
decompressions (described in section 154). It would seem inconsistent
with all supersaturation theories that a pilot should be restricted to
successively lower altitudes despite breathing 100/ O, fram the stert of
the first decompression. If no phase separation had occurred in the
earlier safe 'flights' one could only presume that he must have lost inert
ges and so be capable of more, and not less decampression the next time.
With growth-limiting theories one could only visualise bubbles receding
with further 'wash-out' time.

According to the thermodynamic hypothesis, the driving
force for inert gas desaturation (fp in equation XXI) is very small for low
absolute pressures. With successive decompressions one should get increased
coalescence or congregation of gas whose totel quantity is only decreasing
slowly. Hence it is campatible with the hypothesis that a pilot's tolerence

should decrease with successive flights.
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(xxii) Post-decompression sickness (see section 1.56). This
very rare phenamenon of symptoms first occurring after return of a pilot to
ground level would seem irreconcilable with all theories including the
thermodynamic hypothesis. However, the latter does predict that a phase
change can occur without symptams so that recompressed bubbles could
congregate or coalesce following recampression. It is very difficult to
find any explanation on the basis of theories of limited supersaturation
vhere no symptoms at altitude imply no phase separation. There would also
be no driving force for bubble growth to continue after recompression, so
coalescence is again indicated es the final process for the mechanism of
inducing symptoms.

(xciii) Swrface decampression, which is the name given to the
process whereby a diver may be rapidly brought to the surface, immediately
recompressed on deck,and then decampressed as though still at depth
(Behnke, 1951).

The fact that the same decompression format may be used
is exactly contrary to all theories postulating a critical degree of super-
saturation, since the system must have been nucleated during the initial
'pull' to the surface. On the other hand, adherence to the concept of
thermodynamic equilibrium implies that the large initiel phase sepasration
would greatly reduce the driving force for inert gas redistribution during
ascent to the chamber on deck. Provided the diverswere recompressed before
appreciable coalescence of the separated gas could occur, the inert gas
distribution should be little different when maximum pressure is re-gttained
(cege fige 12, graph 4). Hence the same subsequent decampression procedure

should hold - whatever its theoretical basis.
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....... odynamic hypothesis would thug interpret +i

transfer time from depth to surface chamber as limited by the induction
period for the creation of the critical local pressure differential by
coalescence of a volume of seperated gas in excess of the minimum required
to provoke eventual symptcms. This would infer that the diver should take
the very minimum of exercise during the trensfer in order to delay the
process of gas congregation. The latter prediction is in agreement with
the practical findings of Gouze (1944).

While the foregoing points are qualitative, it is felt
that the true test of the thermodynamic hypothesis lies in its ability to

correlate experimental data quantitatively.

802 QUANTITATIVE CORRELATIONS INDEPENENT OF TIVE

8¢21 Constants
Hitherto no numerical values have been given to the
constants in the quantitative expressions derived to describe the proximity
of the individual to marginal symptoms. From the equations summarised in
section 5.84, it may be seen that the number of constents may be reduced to
three groups. These are as follows:-

1 (Fc/SPo)’ which is dimensionless and characteristic of the
susceptibility of the individual for a given inert gas. The vital
perameter (F) has a criticel velue (F ) independent of the inert gas, and
hence its solubility (8).

2. (b/a), which is a dimensionless group defining the relative

geametry of the trensport model, and hence the dimensionless term (a2 )
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eccording to equation VIII. It is essentially a parameter characterising
the vascularity of the critical tissue type.

3. (D/a®), which has the dimensions of (time)™', is the factor
camplimentary to (b/a) in determining the transient response of the system,
since the time constants OL:D (equation XI) may be expressed as
(0/a%) (e )%,

It is felt that the reduction of the effective mmber
of constants to three decreases the number of 'degrees of freedam', such
that the analysis of data constitutes a more rigorous test of the hypothesis.

This number may be reduced to one in those aspects of
decampression sickness where time is no longer a relevent variable and
where (b/a) and (D/a®) are not involved. These are the cases in which the
body is brought to a steady-state before decompression,and include the

followings=

8.22 Minimum depth for symptoms
In section 1«31 the opinion has been expressed that the

best quantitative assessment of susceptibility is afforded by the minimum
depth from which the individuml can swrface safely without staging. This
statement was based upon the belief that such a value is independent of
any analysis of transients and the assumptions associated with any transport
model, |

Referring to the distribution of values described in
section 1.3, it would seem reasonable to base calculations upon two levels

of susceptibilitys-



26k

1. A minimm Ynowstage! depth for Tweplk! divers v
been set by Duffner et al (1959) at 33 feet for breathing air.

2. A corresponding value for divers preselected for their naturel
tolerance to decampression sickness, for which 38 feet (Behnke, 1951) is
probably a conservative estimate.

Combining equations XII and XXX, symptoms can occur if:-

x(B P IV(O) - (g'/8) + x(P i) = (B+24) 5 F
F+ 7 "%, > &, (65)

A minimum bends depth (M), corresponds to the
particular case ofs=
1+ 4n infinite exposure, i.e. H = Pb - Po for t = %, when
Y(0) = 1 according to equation XIII.
2. No staging, i.e. g' = O,
3« Return of the diver to the surface, when P = P, = 760 mm. Hg.
ke For air x = 0.8,
Making the foregoing substitutions in equation 65,
bends can occur ifs=
H > 1042.5(F /8P) + 329 mm. Hg, (66)
For H_ = 38 feet (876 mm. Hg), (FO/SPO) = 0.525
while for H = 33 feet (760 mm. Hg), (F/SP ) = 0.113
Thus for pre-selected divers (F c/SPO) = 0.525 (67)

while for 'weak' divers (F /SP) = O.443 (68)

While the above calculations constitute no test of the
hypothesis in themselves, they set the critical values (F G/SPO) to be
anticipated for the parameter (F/SPO) which is the most 'sensitive' in

differentiating between potentially safe and unsafe cases.
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8.23 Minimum altitude for symptoms
Rapid eeriel decompressions without pre-oxygenation

correspond to the pertiocular cese of's=
1 An effectively infinite sojourn at ground level before
decampression, i.ec P, = P_ = 760 mm. Hg.
2 No staging, i.e. g' = O,
3¢ Having previously inhaled air, x = 0.8,
4. Por decampression to the minimum bends pressure (Ps), PuP.
Making the foregoing substitutions in equation
65, symptoms can occur ifse
(497 =P )
(e/sp,) = -(—1;)— > (7 /5P ) (69)
Talding the value for pre-selected divers (equation 67)
of (F c/SPO) = 0.525, the above expression givest=

Ps = 300 mm. Hg.

This absolute pressure corresponds to an altitude of
23,000=24.,000 feet which is close to the 25,000 feet generally recognized
as the lower limit of altitude potentially dangerous to pre-selected pilots.
(See section 4.3 ). Taking the value for 'weak' divers (equation 68) of
(FC/BPQ) = 0ol 3 equation 69 givess=

P_ = 330 mm. Hg.

It is regarded as most significent that this value lies
well within the limits of 324=335 mm. Hg corresponding to the altitude
range of 21,000-22,000 feet at which the 'weakest' subjects were found to

develop symptoms (section 1.31).
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82k Minimum altitude for a phase change

In section 5,68 three pieces of evidence from six groups
of workers have been presented which strongly indicate 10,500+ 2,000 feet as
the altitude for the onset of a phase change for e man decompressed from ground
level. This corresponds to a threshold pressure range of 483=512 mm. Hg.

The point of phase separation is that for which the volume
fraction of separated gas (F) becomes finite,

i.ee F3 0 or (stpo) > 0.

Making this substitution in equation 69, since this ex—
pression refers to decompression from 'air equilibration' at ground level, one
obtains the critical pressure for phase change (P's) asi=

P's = 497 m. Hg

It is regarded as most significant that this value lies in
the middle of the experimental range of 483-51 2 mm, Hg indicated by techniques

varying fram X-rays to fluid volume measurements on the spinal column.

8625 Minimum unsafe depth with increased oxygen

The maximm depth from which a diver may be decampressed
safely with no staging following a very long exposure, corresponds to the
particular case wheres-

1o there is an effectively infinite exposure, i.e, 6 = o, giving
V() = 1 (equation XIII).
2¢ decampression to the surface, i.e. P = Po = 33 feet.

3« no steging, i.e. g' = 0,
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Converting equation 65 to pressure units of feet of salt
water, and incorporating the above conditions, symptoms can occur ifs-

x(P, =2) = 36,2
2 382 > (/52)

The Micoperi Campany (Pellegrini, 4963) have claimed that

men can work for 7 hours at 25 m. (82 feet), breathing an increased proportion
of oxygen, and surface directly without symptams developing.

For Pb = 1415 feet the above equation givesi=

x = Os489 for pre-selected divers for whom F c/SPo = 0,525 (equation 67)
x = 0.453 for 'weak' divers for whom F c/SP° = 0.443 (equation 68).
These campositions correspond to oxygen pertial pressures of 4 .84 and 172
Kgm. cm 2 respectively for a depth of 82 feet. This is consistent with the

range of 1.6+ .8 Kg. em 2 used by Pellegrini in practice.

8,26 Minimum unsafe depth with helium

For a predominantly aqueous tissue type, such as that
believed to be the site of bends pain, the solubility of helium in water (S' =
0.0087 cc. He/c.ce HO atmos.) can be substituted for that of nitrogen in water
(8 = 0.0127 ceco N /cece H,O atmos.), when (F/S'P ) = 0.3 x &—'0‘110%-; -

0.603. For weak divers equation 68 gives (FG/S'PO) = O413. The above values
of solubilities are quoted by Behnke (41954) for body temperature.

After substituting (P c/s..'po) = 0,603 for F o/sxao, equation
66 gives the maximum depth from which a week diver may surface safely without
staging, following a !saturation' exposure upon 80% helium, as 960 mm. Hg or

1+1 .6 feet.
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This lies within the range of 37«3 feet guoted by
Duffrer et al (1959) as the values recorded in practice for the weakest
divers breathing 80% He + 20% 02.

8027 The decompression ratio
No theory could be accepted unless it predicts a roughly

constent dscompression ratio (P1/Pa) for the onset of marginal symptoms in the
sare individual. If P1 is the absolute pressure at which the subject spends an
effectively infinite time before direct decompression to a lower absolute
pressure (Pz) at which he is observed over a period of several hours, (P1/‘P a)
is the decompression ratio. Despite the original postuletion by Haldane
(section 1462), that this ratio should be constant, it is conperatively recentl
that it has been confirmed experimentelly. This very fundamental issue has bee
clarified by Hemplemsn (1957) in a most painstaking piece of experimental work
using goats.

Equation 65 may be re~written with feet of salt water
replacing mme Hg as the units expressing quantities of the ssme dimensions as
pressure, i.e. symptoms can occur ifie

g x@®P)WO)(g"/8)+x(P ~2)=(P+3.2) F_

&, - —52) >Z ()

The foregoing definitions of P’ and IE’2 would refer to the
particular case where:-
() the duration of the campression is effectively infinite,

ices 0 = o, when ¥(0) = 1 (equation XTII).
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(v) P = B , and the pressure for symptoms (P) = 1
(c) no staging, i.e. g' = O
Hence equation 70 becamess-

x(P =2)=(P:+3.2) F
2 > c
Pﬂ.+3. 2 ﬁ’o

This can be rearranged to give the critical value

for (P1/Pa) asse=

302(F )+5¢2
: °1/,BP° e ()

P
gt = ((F /BB 1) +
2 2
i.e. (P1 /Pz) is epproximately constant for apprecieble depths where B, >>

3.2(F O/SPO) + 5e2 % 642 feet, the latter value being obtained by substituting
for (F c;/Bl?‘_’) according to equation 68.

However, there would be no approximation in stating that
equation 74 would predict P‘ as a linear function of P, end that (P' /‘Pz)
should decrease slightly for greater values of Pz' This small predicted
deviation from the ratio rule would seem in good agreement with the following
experimental factss=

a» The appreciably higher decompression ratios for symptoms to be
incurred by serial decompression (section 8.23) where tensions
of the order of 6.2 feet became significant relative to the
absolute pressure (Pa) - equation 7.

be The slightly lower decampression ratio with higher IE'1 or P2 for
the particular goat which Hempleman titrated to as many as four
bends points in 42 decompressions. The writer disagrees with
the menner in which Hempleman has drawn a straight line through

those points assuming it to be concurrent with P‘ = IP2 =0, &
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camplete differentistion hetween 'bends' and 'no benda' points
can be achieved by e straight line having a positive intercept

of 5+0' on the P1 axis. This is predicted by equation 71.

Taldng values from Hempleman's graph for the two terminel

bends points of his lines-
Point 1: P = 233', P, = 104!, P’/Pz = 2,2, and (1+(FG/SP°)) = 1e72%
Point 2: P = 82', P, = 33, P1/‘P2 = 248, and (1+(FO/SP°)) = 1,768

Equation 7, with a 1.3 variation in (4 +(FC/SE'°)) from the
mean, would thus appear to offer a better correlation of the data than a

constant ratio for which (Pq/Pz) has a 5% devietion from the mean.

Data recorded by Hemplemen for the other goats are in
gererel egreement with an spproximately constent ratio but, with no more than

7 decampressions, do not permit such rigorous analyses.

8.3 QUANTITATIVE ANALYSES INVOLVING TIME

8¢3  Decompression to the surface

The foregoing correlations have been effected to test the
fundemental adequacy of the hypothesis to aapects other than those involving
time, The next step in the assessment is therefore directed at the transport
model and the analysis of dives of finite duration which have been performed in
practice. These almost invarigbly refer to the case where any symptoms have
developed sfter return to the 'deck', i.e. wheres-

as symptoms develop at P = Po s 33 feet
be 806 inert gas has been inhaled, i.e. x = 0.8

c. bottom depth (H'b) =P -P_
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Hence equation 70 predicts that symptams can occur under

these conditions ifs-

¥(6)-(g'/0.88) 143 ®_/sp)
= g}o’.a - > %.so (72)

8e32 No-stege dives
One of the major features of the thermodynemic hypothesis

is phase equilibration and its effect upon trensport - as manifested by the
very different nature of the quantitative expressions describing inert gas
uptake and its elimination by steging (equations XII end XXIV). Taking the
former elone, the most critical test is probably efforded by no-stage decom=
pressions to the surface. This is the particuler case where g' = 0, such that
for x = 0.8, equation 72 implies symptoms for:-

H¥(0) = 45.3(F/BP ) + 143 > 45.3(F /8P ) + 143 (73)

However, the features of no-stege diving is the remarkable
correlation of data atteined by the WVt effect for dives of short duration

(see section 1.65).

8,33 _At relationship

No theory of decompression sickness would be acceptable
quantitatively unless it predicted the ¢ effect for smell values of t which
has been demonstrated by Hempleman (1952).

In Appendix II, it is shown that ¥(t), as expressed by
equations XIII and VIII, bave many approximate forms whose feithfulress to the
original expression all increase with decreasing values of t. The last of

these approximations is given by equation 220 asie
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. n T vy
w(t) = =z 1 :‘lﬂ.“‘_"_

(b Y z)SPA (v '-n.g)

Hence, for a dive of duration given by t = § equation

73 would predict symptoms if3-

W, ;J (n/a% )6

(/o) > AS-B(FC/EPO) + 1443 feet (74)

8ince (D/a%), (b/a) and (F /BP,) are constents, equation
74 implies bends if H_ N6 exceeds a constent, which Orooker end Taylor (1952)
have taken as 475 feet min& for safe conditions or 500 feet mini for marginal
symptams. These values refer to weak divers working at depth.

Hence the thermodynamic hypothesis would predict the Nt
effect as the final degree of approximation, valid for dives of short
duration only (6 < 25 mins.).

Taking (F ‘/SPO) = O+l 3 corresponding to the weaker divers
(equation 68), equation 74 would give for working divesge

0.0165 < 2/a) _ ¢ o 017 (75)
((v/a)%)

(for a correlation see section 8465).

8¢34k Constents used for dive analyses

The fact that the critical tissue type cannot be positively
identified offers the greatest obstacle to any synthetic aepproach when it cames
to attiributing numerical values to the basic constants. In the case of the
dimensionless group (F C/SPO), ore set of practical data has been sacrificed as

a 'degree of determinancy' in using the minimum depth for symptams for its
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initial determinagtion (section 8.22). However, there are sufficient other
cases to verify the value selected.

In the case of (b/a) and (D/a?, the ranges of possible
velues derived from fundamental parameters are too wide to warrent their use
in the more exact mathematical expressions employed here. However, it was
found that a correlation of symptoms could only be obtained for a very narrow
range of values for each parameter. The procedure has therefore been adopted of

1. Quoting the conslants derived empirically,

2. Presenting the analyses of dives using those values,

3 Showing that the constants used for the correlstions offered
lie well within the limits anticipated by fundamentel reasoning
for a tissue type likely to be responsible for marginal

symptoms of decompression sickness.

Be35 Values of constants
The following values of (b/a) have been selected empirically

according to three convenient levels of physical activity:-

1. Restings (b/a) = 5.29 (76)
2. Swimming easily ('scuba' diving), b/a = Le9H 77
3. Working: (b/a) = 4e73 (78)

It is interesting to note that the sbove velues are
consistent to the extent that they imply incressed vascularity (a lower b/a
ratio) for increased exercise.

The other transient parameter (D/e®) should be independent
of the degree of activity if it is accepted that the capillary radius (e) is

determined by the dimensions of the red cell.
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The value used throughout the following analyses ist=
for nitrogen:s (D/a?) = 0129 min™! (79)
&pplying Graham's law to obtein the diffusion coefficient
of helium in cyboplasm (D'); D'/D = 428/4. Since erythrocytes should not
change dimensions for different inert gasesi=
for helium: (D'/£) = 0,340 min™ (80)
Having fixed the values of the two groups (b/a) and
(D/a2), it is now possible to determine the overaell response of the system

according the general transport model adopted.

8.36 Response of the system
The transient uptake of inert gas, without phase separation,

is defined by equation XIII., Having fixed (b/a.) for different degrees of
activity, the corresponding values of (aan) mey be obtained from equation VIII,.
The first term of the series in equation XI predominates so (e.a‘) is required
with greater esccuracy than higher terms. Values of (a.a’) are quoted by Bogert
(1951). Values of the higher roots (aoz2 to aae) may be obteined, with
adeguate accurecy, from the graphical presentation of the solutions to
equation VIII published by Jahnke et al (1960). Bogert's values have been
plotted in fige 42 as the two dimensionless quantities (e.a1) versus (b/a).
From this graph the relevant values of (aa') have been taken for the three
exercise levels arbitrarily selected in the preceding section. These are given
in table 20 together with the velues of (aaz), (aa:) and (aa‘_) taken direct

from the smaller-=scale graphs of Jahnke et al.
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Re-writing equation XIII in the forms:-

VO w1 - B R em (- () %)) (e1)

re R

& L
"))t | )/ o)1 |

the values of k end (s ) relevent to each exercise level are quoted in

'table 20.
RESPONSE CONSTANTS
First root 8ecornd root | Third root Fourth root
Exercise

level (v/2) (aa') R (aaz) R (aa:,) R (aa‘) R

) 2 3 4

Res'bing 5. 29 O. 260 OO 93"" 1 0060 0.0}ll- 1. 806 0001 2 205&-5 0.005
Cruising | 4eH | 04289 [0.95 | 1274 | 0.035 | 2,055 | 0.013 | 2,846 | 0.006

TABIE 20

The uptake response of the critical tissue type to changes
ir arterial tension of the inert gas is conveniently expressed as a plot of
two dimensionless groups: W(t) versus (Dt/a®). Taking D/ a® = 0,429 min~?
(equation 79), the values derived in table 20 for the respective (b/a) ratios
mey be substituted in equation & to give the basic gas uptake functions for
each of the three exercise levels arbitrarily selected. These are derived in
table 21 and plotted in fige 43. They represent the final product of the
mathematical analysis. These graphs mey then be used for assessing the
proximity of any dive to conditions for marginal symptoms with no more than

arithemetic substitution.
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UPTAKE RESPONSE FOR THRRR EYFROTSR TEVETS

(Application of equation 8 to the data in table 20)

b/a = 5.29 b/a.- )-0-091 b/a- 4.7}
(&%Dt)

t/s%) | ¥(t) (t/a2) | V() (Dt/a?) | ()
Oe4 16479 0.448 16197 | 1151 1,082 0.183
0.2 2,959 0.23% 2395 0.237 2.1 64 0.248
O 517 0e374 4789 0.376 40327 0.379
0.7 10.36 0.536 8,378 0.538 7573 0.539
1.0 14.79 0,656 11497 0.657 10.82 0,658
145 22419 0.792 17.96 06792 16423 0.793
2,0 29.59 0.87: 23,95 0.87% 20.9 0.874
245 36,98 0.923 29.93 0,924 27.04 0,924
3,0 L, 38 0.353 35692 0. 954 32,45 0.954
4.0 59417 0,983 47,89 0.983 43,27 0.983

TABIE 2

The above figures are used to plot the response curves

illustrated in fige 43.

8.k ANALYSES CF 'NO-STAGE' DIVES

8al1 'Scuba' divers breathing air

The most comprehensive set of experimental no-stege dives
which the writer could find were those of Albano (1962). These include over
1,000 submersions at an exercise level carefully controlled as that relevant to
a 'scuba' diver cruising at depth. They were, in fact, performed in the ocean
by free-swimming divers. Albano has titrated the exposure time for each of
nirne depths and recorded both the safe and unsafe values,

Taking the response curve relevant to a cruising diver,
(ieee b/a = 4N in fig. 43), table 22 contains the analysis of his results
according to equation XXX, or its re-expression in equation 73, for tension

unita of feet and the particular cese of air.
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IITRATED 'BOUNCE' DIVES - CRUISING ‘SCUBA' DIVERS

(Date from Albano, 196R).

Bottom
depth |Duretion of D9 /o2 6 H‘b«” (8/sp )
) a ¥(6) o’ |PRACTICAL
Tit;gfim j (&,) giv:ir(xs) = 04129 [(£1ig. 43)|in feot|(eqn. 73)| RESULT
n feet
1 21364t 10 1029 0.155 32,9 0.441 safe
243k | 1045 1435 0.161 342 | 0.439 unsafe
2 1 97 1145 148 0q1 67 32,9 00411 safe
3 1 m05 1 205 1 061 (O | 77 31 9 00389 safe
180.5 43 1.68 0.4 83 33.0 Ol 3 unsafe
4 16 1445 1.87 0.1 96 3241 0.393 safe
164 15 1.9% 0.202 3341 0445 unsafe
5 148 17 2.1 9 0.224 3267 0.406 safe
148 175 226 0.22) 3362 Oul4 7 unsafe
6 1 33 20 2.58 0. M 32.7 00406 safe
8 9806 31 1+.00 0.330 32.5 00)4'01 safe
98,6 32 4e13 0.336 3301 O15 ungsfe
9 82 42 542 0.402 33.0 Oudi1 3 safe
TAEBIE 22

(t/a) = 4o (equation 77).

The practicel results can be correlated
for a critical value of (F/SPO) given

by (F /8P ) = 0.4 3.

It can be seen from teble 22 that selection of (b/a) =

4eAN as characteristic of the exercise undertaken by cruising scuba divers

(equation 77) suggests a critical limit for (F/SPO) identical to that found for

woak divers in the other cases correlated in section 8.2, i.e. (F/SP ) =

0.1 3 (equation €8).
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8.k2 Titrated working dives

The writer was not able to obtain a copy of the article
by Van der Awe (41951) in which he is reported to have titrated divers breathing
air and working at depth. However, selected points from this militery report
are quoted by Duffner et al (1959). Both the safe and unsefe conditions quoted
are snalysed in table 23 according to equation 73, taking the velue of b/a =
4+73 corresponding to working conditions (equation 78).

ANALYSIS OF NO-STAGE ATR DIVES (WORKING)

(Dats. from Duffner et al, 1959).

Bottom
Titration| depth Dug;t:ox(la ;f 9 /a? v(9) H'bq'(a) (/ SPO) PRACTICAL
No. () | $nping, | 0s1299 |(fig. 43)| in feet|(eqn. 73)| RESULD
in feet
1 150 1 1e42 | 04205 | 30.8 | 0.364% | safe
150 13 1 .68 0,220 33.0 Oeli1 3 unsafe
2 100 ' 26 3435 | 04330 33,0 | Ook13 safe
4100 28 3664 0e343 33 Oulilin unsafe
3 50 105 1345 0.738 36.9 | OJ4s98* | safe
L 33 o0 oo 1,000 33.0 0.3 safe

TABIE 23
The only result which does not conform*to the critical
value of (F c/s’z'o) = O¢l1 3 found previously is titration No. 3. However, in
this case, it is noted that the diver is supposed to have mainteined the same
very high exercise level for 405 mins. which would appear to be a very lerge
strain upon any man. If, in fact, the rate of working had dropped end this
case were marginal, then F/BP_ = 0.3 giving ¥(6) = 0,660. This corresponds

to (Ot?D) = 1.02 according to equation VIII. However, (105D/a®) = 13.55 giving
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(811) = 0.275. From fig. 42 it can be seen that this corresponds to (b/a) =
5406, or a vasculerity characterised by a tissue volums/blood volume # v/ a)z
= 25.6 campered with 22.4 for hard work (b/a = 4e73) ar 27.9 for rest (bfa =
5¢29).

While there would seem to be adequate grounds for dis-
counting the ore discrepancy in table 23 on the grounds of unsustained effort,
it should be noted that the Royal Navy recommend steging for this particular

dive. (Miles, 1962).

B8s43 Miscellansous unsafe dives
Shilling et al (1935) record the details of 46 cases
arising from 2,143 no-stage air dives for 5 depths ranging from 100 to 200
feet, The lowest unsafe exposure for each of these is given in table 24 and
the dives analysed for working corditions.
UNSAFE 'NO-STAGE' ATR DIVES

(Data from Shilling et al, 1935).

. Bottam
Ny | ceptn |PIHERST | o | we) | BYO)) G/ER)
et al (H'b) in minse | O 290 | (£ige 43) | in feet | (eqn. 73)
in feet
1 100 3 4e39 0.383 3863 0.529
14 150 1 8% 2.39 0.262 39¢3 0.550
36 167 1 7; 2.26 0¢253 42.3 0.47
42 185 125 164 0.216 40.0 0.567
45 200 13 1.68 0.220 1Y) 0.566
TABIE 24 (analysed for b/a = 4.73)

It is interesting to note that all values of (F/SPO) lie

well in excess of the critical value of (F c/SPO) = Osl13 (equation 68).
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84t Helium dives

The only experimental date which the writer could find
for 'no-stege' helium dives were those of Duffner et al (1959). These authors
do not record the exact depth=-time parameters of each set of dives numerically,
but plot them using axes which are not quite perpendiculer end cmit the grid.
The best information to be extracted for comparative purposes is probably
Duffner's "probable safe Hesoz minimal decompression curve® since thié is
experimental in origin and would tend to minimise the following objections to
the datas-

(e) The intermittent nature of the exercise employed,

(b) the scatter of 'bends' and 'no bends' cases, probably
arising from

(c) the use of any two of a group of 17 divers for the determ-
ination of each point.

Seven points have been teken from the above curve as well
as the restricted presentation permits. These exposures are snalysed in table
25, taking the helium value of (D'/a®) = 0.340 min~' (equation 80) and the
*working' value of (b/a) = 4.73 (equation 78).

While Duffner et al call their curve one of "probable
safe minimal decompression® at least 10 out of the 42 points from which it is
constructed, represent conditions which proved unsafe and yet lie within their
'safe' zone or on the boundary. Thus it is not surprising that values of
(F/8'P ) lie well in excess of any value of (F /B'P,) to be anticipated far
helium on the basis of (F /8P ) = Oul3 for air - if the critical tissus type

is predominently aqueous.



281 .

CQMPARATIVE 'NO-STAGE' DIVES ON 80% He:20% o,

(Data from Duffrer et al, 1959)

Bottam
No. | depth D“g;j:m(‘a;f DV0/a2 ¥(0) EV(O) | @/8'R)
) (H'b) in ming, | = 0e3409 | (fige 43) | in feet | (egn. 73)
in feet 0
9 80 60 204 00865 69.2 1020
2 100 35 1149 0.696 69.6 124
3 120 25 8+50 0.583 70.0 1022
4 140 19 646 0,485 67.9 1418
5 160 15 5410 0.424 6745 1617
6 180 1 2’; L.25 0e377 67.8 1617
7 200 10z 3457 0.340 68.0 1418

TABIE 25
Whatever the composition of the tissue, Duffrer's curve
probably represents dives of camparable safety, in which case it is regarded as
significent that equation 73 gives values of (F/S'Po) whose deviations from the

mean do not exceed a maximum of 2,F.

80’4-5 .ME:& bends®

One of the facets of decompression sickness most difficult
to correlate quantitatively with any theory is the phenomenon which Donald
(1954) describes under the title of ®oxygen bends®. In practice, these were
instances in which insufficient inert gas could have been taken up to cause
symptoms according to any reasonable method of calculation. However, the
presence of a large external partiasl pressure of oxygen seems %o have con-
tributed sufficient 0a to the separated gas to induce pain in certain instances.
Justification for attributing this critical increment to oxygen is provided by
the transient nature of the sympioms described, severe bends disappearing

within 30 mins. of their onset.
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Each of the eight exposures described have conaisted of 60
mins. at 150 feet. Fram the point of view of the incidence of symptoms, however
transient, Donald's work may be regarded as a titration of mole fraction of
inert gas. The critical oxygen content would thus eppear to lie between 63.04%
and 6341 %%. Taking x = 0,369 as the critical value, the test of any quentitative
hypothesis lies in the prediction of a reasonsble value for increased tissuve
oxygen tensions.

The derivation of equation XXX is bassd upon the presump-
tion that, with normal dives, the decompression plus onset times are sufficiently
long to enable the cellular oxygen tensions to reach values cammensurate with
the final pressure. However, in this particular case, there is no staging and
the partial pressure of oxygen is well above the level regarded as safe from
the standpoint of convulsions (section 4.45). For this case, which is well
outside the practical exposure limits to which one would subject men, one
cannot retain the assumption that cellular 02 and 002 tensions have an
approximately constant total. Hence equation XX should be medified to reeads

po+Pc+pw8126 +%°m. Hgo

where Op o 18 the additional cellular oxygen tension introduced by virtue of the
large increase in external oxygen partial pressure. According to equation 38,
this should equal the rise in venous oxygen tension for the seme metabolic rate.
Repeating the derivation of equation XXX with the above

modification, symptoms can occur ifs-

g = g + 0.8(P_46)8 - (P+7h~Lp )8 F,

> 5 (82)
®+ 7% - ) P,
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for an animal living in alxr at ground level before compression.
Donald's goat experiments refer to ths particuler

case whereje

(a) there is no staging, i.e. g' = 0
(b) the goats are returned to 1 atmosphere (absolute), i.e.

P=P = 760 mm. Hg.
(c) the inert gas is nitrogen, i.e. (F c,/SE",) = 0.143 (equation 68)
(d) the uptake corresponding to 60 mins. at 150 feet (3456 mm.

Hg) is given bys-

g = L V(0) = 0.369 x 34563¥(60)
taking the critical value from Donald's results of x = 0369,

Substitution of the ebove conditions in equation 82 gives
the criticel condition ast~-

128 fo z = 1.3
o

Taking (D/e?) = 0.129 sccording to equation 79, fig. 43
gives ¥(60) = 0450 for the curve b/a = 5.29, since the animal was probably
resting in the tank at pressure, and this represents the most conservative
estimate of uptake in any case..

Placing ¥(60) = 0.450, Op, = 2 mme He.

A rise in venous ox&gen tension of 24 mm. Hg would seem

quite consistent with a rise in arterial oxygen tension fram 100 mm, Hg
(breathing air at 1 atmosphere) to (3456 + 760 + 46)(1 = 0.369) = 2635 mm. Hg
for e tissue whose blood oxygen content wes reduced asccording to the average
for the whole body. It is certainly consistent with the hyperbaric tension

measurements of Lambertsen et al (see section 5.69).
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metabolic rate and circulation in the critical tissue type remain unknown for

lack of positive identification.

8.5 ANALYSES OF DIVES WITH STAGING

8.51 Staging
The most camprehensive test of any theory of decompression

sickness lies in its ability to correlate the practical results of dives
followed by staged decompressions.

The gas lost by staging (g') would seem best estimated
using the preumatic analogue described in section 6.6. However, for the
conventional Naval type of decompression, where the thermodynamic hypothesis
would predict a large initial separation of gas fram solution, an approximate
analytical method may be employed = as expressed by equation XXIV. This may

be re-written as:-
2(1=x) (0/a%) 2, (B _-(132-46x)/(1=x))
((v/a)®4) log (x/a)

for the usual case of decompression to the surface (Po = 760 mm. Hg).

g
g~

Defining the depth of the m'P

stege as Hm = Pm~P°, and
reverting to pressure units of feet, the above equation for air (x = 0.8)
becomess -

g'/8 = AXT (H +1246)) (83)

where A is a constant defined bys=



TITRATED STAGING = RESTING DIVES
(Date from Duffrer et al, 1959)

Dura= Gas intake First Stage Second Stage Gas Elimination Net ¢
Bl | | R T e s = e e Analogue result
No. dive 2 ) P ime pth ime Total 126 ') /58 PRACTICAIL
( ©) ) (f(:b; fgi{;gg (fizf L)r_’t) H"bq{(a) g't)) (71) A (Hz) (Tz) o T%”;B 12.6% |26 T, +ZHT = ,,OA(();L a (51-{31’%) (7/sP ) RESULT Total piston Azrap
minse ° U mins. £t . . mm g. o displacement
(mins. ) (£t.) |(mins.) m (a) g'/8 | <0.0244 | (eq. 86) (&) in cece | ((b/a)%«)
1 a 2 o} 3 110 Le39 04304 336k 10 4 40 - - - L 50 Lo 9 2,2 o2 0.373
. N 0 3 Mo | 4,39 | 0.30h | 34| 10 1 ® - - | - 3 38 30 68 1.6 3.8 0.386 . 2
3 2 0 3 110 4e39 0,304 33k 10 2 20 - - - 2 25 20 L5 14 32.3 02397 gg. g 2.23
4 B 2 0 L0 1410 5.16 00340 374 10 12 120 - - L 42 15 120 21 6e5 3049 0.366 -
- 2 0 40 110 5616 04340 374 10 10 100 - - - 10 126 100 226 Sels 3240 0.391 . .
6 2 0 40 110 5016 0.340 37k 10 9 90 - - - 9 114 90 204 Le9 32.5 0:2402 87.5 3026
7 2 0 ﬁg 110 5.12 o.yyg 37’ﬁ 2 8 | ®& - - | - 8 | 101 8o | 18 bols 33.0 041 3 329:3 ;jg
8 110 o1 0. 37 1 2 50 - - - 6
9 c 5 13 ® 47 110 Z 06 0.380 1.8 10 21 210 215 26; 2152 ::72 i — | oo _— ee
. - o - s = 14 o4 5
11 2 0 L7 110 6.06 0.380 1.8 10 18 | 180 - - - 18 227 480 407 948 32.0 o°391 85.6 3617
12 2 o L7 110 6.06 0.380 1.8 10 i1 1N - - - 17 24 170 384 93 32.5 0:402 87.2 3023
13 b 2 L7 110 6.06 0.380 M.8 | 10 16 | 160 - - - 16 202 160 362 8.7 3361 045 | Bends 90.6 ;:}2
16 0. o2 20 60 0 '
s e e e B e e e e
. ” . " 252 2%0 k2 1241 3643 0 Bends 107.8 3499
TABIE 25
b/a = 529 *One mild symptom not requiring recompression - nature not specified, but dismissed by Duffrer et al in their

titration.

In this case the above results are consistent with a critical value of

(F/SPO) given by (F c/spo) = Dol 3.
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assuming T is constant. This would seem to introduce no greater approximation
than already contained in this approach, and should be reasonable for dives
other than those involving extreme exposure.

Since staging is invariably undertaken in the resting state,
(b/a) should be the same for all decampressions upon air. Hence a single value
of A should apply to all air decompressions, the value selected empirically
beings-

A = 0,0244 feet/min. (85)

Incorporating equation 83 into equation 70, the general
condition for symptoms to occur after return to the surface from an air dive
is given by:~

}Lb‘#(e)nﬂ(ﬂ{m‘rm-l-‘l 2.68rm) = 453(F/BR ) + 1ke3 > 45.3(F SBB) + 143 (86)

This expression is a form of equation XXX convenient for

analysing steged dives by the approximate method.

8.52 Titrated stagi
Duffrer et al (1959), describe three dives upon air in

which the 10 foot stage has been titrated, and two others which include a 20
foot stage. These authors have dismissed the mild symptoms occurring in the
series designated® in table 25 in carrying out their titration. With no
specific note of the exercise level, it is presumed that the divers were
resting at depth, in which case equation 76 gives (b/e) = 5.29. Using the

corresponding curve in fig. 43, the analyses are contained in tsble 25. From
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this it can be seen that the approximate anelytical method gives s good
correlation of symptoms if one takes the critical value of (F/SPO) es that

which has proven critical in previous cases, i.e. (F c/SE‘Q) = 0.443.

8453 Working dives
One of the most comprehensive sets of data for testing any

theory is provided by the ooean trials of the tebles published by Crocker
(1957)s Wnether one is in agreement with his method of formulation or not,

the practicel results cover over 200 dives performed under carefully supervised
conditions of continuous heavy exercise. Por working conditions equation 78
gives (b/a) = 4.73. The corresponding curve in fige 43 is then used for the
correlation of practical results in table 26 by the approximate analytical
method. It is considered most significant that the safety of each series can
be correlated with a critical value of (F/SPO) which is the same as that
determined for all previous quantitative aspects of decompression sickness,

i.e. (FJEO) = 0.41 3.

Only one dive (No. 17) does not conform,and this is a
case of itching. Such symptoms which are open to auto-suggestion are regerded

by Crocker as difficult to ascertain.

8054 Miscellaneous wreck dives

While the preceding section is regarded by the writer as
a crucisl test of the thermodynamic hypothesis, a few more dives are recorded
by Crocker (1957) in which the exercise level has not been controlled. Since
these were dives to actual wrecks it may be assumed that the men were working

at depth. In this case all constants are the same as thoss used in the



QF WORKING DIVES = St exercise
(Data from Crooker, 1957)

Gas elimination Net gas upteke
t Second st Third st g P Analogus result
Duration B;:;;‘: i e e — PRACTICAL
of dive ) 12.62T F/SP R | vetal pistanl &
S E ) (&, a7 Yo Depth| Time Depth| Time Depth| Time Total Al ™o | @/se) el piston| Average
Nou” | No. | P8 0822 | Guina.) | (etu). | 2 %on irag, | V)| ) | ) [mr (1) | ) (mr) () | @) n7, e peer e | M8 Lol |70 o gepn R
(sewege) (£t.) | (mins. ) (£t.) |(mins.) (£t.) |(mins.) m (a) ~0.0244 A ((v/a)3-)

1 1 1 o 8 50 el | 060 | 30 | « | = & - e T - - 1= nl = .| = o 330 | 0.3 7362 3ek2 -

2 18 0 60 60 77| 0.543 3246 - - - = - - - - = - - o - 0 3246 0e404 o5 3e34

3 2 2 0 20 100 2,58 | 0.278 27.8 o - - = = = = = = - = - - 0 27.8 0,298 - -

4 8 0 17 110 2419 | 04250 275 - - - - - e - o - - - - - () 28¢5 0e29 - -

5 10 o 14 120 181 | 0e227 | 27.3 - - - - - " - - - - - - - 0 27.3 0.287 - -

6 3 10 0 1 130 1e42| 0205 | 2646 - - = - - . » - = - - - - 0 26.6 0.274 - -

7 10 0 9 140 1.64 0.1 89 2605 o - - - = = = = = - - - -~ (¢} 26-5 0-269 - -

8 9 0 8 150 1.03| O0u1&4 272 - - - - = - - = = - - - - 0 27+2 0.285 - -

9 4 17 0 20 120 2,58 | 0.278 | 3344 o] 5 0 | - - - » - g 3 38 30 68 146 3.8 0.386 68.9 3,22
10 5 25 2 30 120 3.87| 0.360 | 43.2 20| 3 60 | 10 10 1100 - - = 13 | 16+ | 160 | 324 7.8 356k 0.466 | Bends 82,6 3.86
35 2 o 25 130 3.23| 0.324 W7 20| 3 60 | 10 10 |100 - - - 13 | 16+ | 160 | 324 7.8 3349 04432 76.2 3456
12 6 8 0 40 120 5.46| Osk2h | 50.9 0| 3 %0 | 20 5 |100 10 | 20 200 28 | 353 | 390 | 743 1749 3340 0.l43 731 3ek2
13 2 0 35 130 4e52| 0e3N | 50.8 »: > 0 | 20 5 100 10 | 20 | 200 28 | 353 [ 390 ]| 3 1749 32.9 0.411 7243 3438
14 : 9 0 10 140 1029 | 04196 274 10} 2 20 | - - - - - - 2 25 20 45 104 26.3 04265 s -
15 2 (o] 10 150 1¢29| 04196 29¢4 10 2 20 - - - - - - 2 25 20 45 101 28.3 0.309 - -
16 8 4 o 20 140 2,58 | 0.278 | 389 24 3 60 | 10 10 | 400 = = - 12§ 166 (100 9 7.8 HNet 0.37 67.0 3e13
17 2 N 15 150 1.9 | 0.233 | 35.0 20| 2 Lo | 10 5 | 50 - - - 7 88 0| 178 be3 30.7 0.362 | Itching 6448 3.03
18 1 0 15 160 19 | 0.233 | 37.3 2| 2 4o | 10 10 }100 - v o 12 | 12 140 | 2% 7.0 303 0.3535 6341 2.95
19 9 15 3 25 150 3423 | 0.3 L8.2 | 3 9 | 20 5 {100 10 | 15 | 150 23 | 289 | 30| 629 1561 3361 0.445 | Bends 734 3643
20 10 4 o] 10 160 1629 | 0,196 Aok 10 2 20 - - - - - - 2 25 20 45 141 3043 0.353 62.5 2,92
P 6 0 10 170 129 04196 3363 20 2 40 10 5 50 - - - 7 88 %0 178 4e3 29.0 0325 59.2 2.77
22 1 1 2 20 160 2,58 | 0.278 | Uke5 30| 2 60 | 20 5 |100 10 | 10 | 100 17 | 24 | 260 | 474 1Mok 3301 0415 | Bends 7346 3elids
23 6 o 20 170 2,58 | 0,278 | 47.25| 30| 2 60| 20 5 |100 101 15 | 150 21 27 | W | 587 1415 | 3344 O0el15 735 Selids
2 12 10 3 25 160 3623 | 032 Mokt 30 2 60 20 10 | 200 10 15 150 27 340 40 750 1841 33e3 0.1 9 Bends o5 3448
25 13 10 0 10 180 1629 | 04196 | 353 20| 2 L0 | 410 5 50 - - - 7 88 | 178 Le3 .0 04369 66.3 310
26 1 0 10 190 1.29| 0.196 372 20 2 40 10 5 50 - - - T 88 0 178 4e3 32,9 0.411 73.0 3ol
27 1% 7 o 15 180 1e% | 00233 | 4149 | 2 60| 20 5 | 100 10| 10 | 100 17 24 | 260 | 474 1Mok 3045 0.358 6he9 3403
28 1 o 15 19 1% | 06233 | 443 i 2 60| 20 5 | 100 10| 410 | 100 17 | 24 | 260 | 47 114 32,9 Oeli41 72.8 3.40
29 15 10 o 20 180 2¢58| 04278 | 5060 0| 2 6| 20 10 | 200 10| 15 | 150 27 | 340 | W0 | 750 18.1 3.9 0.389 67.2 el
30 16 9 (o] 10 200 1¢29| 0196 3962 20 2 4 | 410 10 |400 - - - 12 | 1 140 2H 7.0 32.2 0.395 04 3.29
k1| 17 10 (o] 15 200 169 | 0.233 | 4646 30 2 60 20 5 |100 10| 15 150 22 27 o0 | 587 11 32.5 0.405 7241 337

TABIE 26 A correlation of all except series 8 for  (Fo/SP_ ) = 0.413
MISCELLANEOUS WRECK DIVES = No stendard exercise prociedure
(Date from Crocker, 1957)

1 4 0 60 70 TeT | 0453 | 38,0 10| & 40 - - - - - - 4 50 Lo 9 2.2 35.8 Oy

2 2 0 4 50 80 6eli5 | Ol8: | 38,7 20| 4 80| 10 5 | 50 - - - 91 11k 4] 2% 5¢9 32.8 o.l.o7g

3 6 2 40 90 5616 | Ook2h 38,2 20 3 60 10 5 50 - o - 8 101 110 214 5e1 331 0l15 Bends

4 1 0 45 90 S5¢81 | OokS4 | 40.8 20 3 60| 410 10 |100 - - e 13 164 160 | 324 7.8 33.0 0.1 3

5 1 1 60 90 To74 | Qo543 | 48,9 30| & 120 20 5 [100 10 20 200 29 365 | 420 | 785 18¢9 33.0 0.443 | Itching

TABIE 27
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previous section, and the correlation according to the approximate enalytical
method is ocontained in tabls 27. These findings show that all cases except
one conform to the critical value of (IF/SPO) given by (F e/S'E’c’) = 01 3.

The cese which does not fit (No. 1) is a long exposure
(60 mirs.). With no exercise routine for an actual job, the absence of any
symptoms could well be attributed to the men not working as hard as implied
by the ratio of (b/a) = 4¢73 employed in the analysis. If this dive had been
marginal, i.e. (F/SPO) = Oui 3, equation 86 would indicate H.bV(GO) = 35,2 feet,
i.ee ¥(60) = 0,503. Aoccording to equations VIII, this corresponds to (a.a') =
0.282. According to fig. 42 this implies (/a) = 5.00. This is still closer

to the working value of (b/a) = 4.73 than the resting value of (b/2) = 5¢29.

8.55 [The staging constant QH

In the preceding analyses of steged dives, the same
empiricel value of A = 0,0244 feet/min. (equation 85) has been taken for all
decompressions. 8ince all decompressions may be considered to cccur under
resting conditions (b/a) = 5.29 (equation 76) while D/a® = 0.129 (equation 79)
for all conditions, the substitution of these values in the definition of A for
air (equation 8) gives:-

T =153 a

This value of r would suggest a perfectly reasonable
location of the separated gas relative to the capillary for the preceding dives
of moderate exposure. It is also in general agreement with the piston of the
rreumatic analogue displaying the maximum displacement after the first large

decompression employed by conventional methods.
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Homever, r must incres
exposures, or dives in which the initial creetion of a large reservoir of
separated ges has been avoided by much deeper staging. The steady-~state
approximation would be valid no longer, so the only method left for analysis of

the extreme dives performed by the Okinawans (4ppendix I) is that embodied in
the prneumatic analogue.

8.56 Okinawan dives
The thirteen Okinewan dives recorded in Appendix I were
found to give a satisfactory correlation of bends and no bends cases only if
the last chamber (teble 16) of the preumatic analogue was blocked off. For
this case the results are given in table 28.
ANATYSTS OF OKINAWAN DIVES BY THE PNEUMATIC ANALOGUE

(Date from Appendix I = fige 4t).

- Maximm volume or
Dive number FRACTICAL

Diver | ‘(Appendix I) ‘2—;‘3 12?? 21; ((b/a)% - 1) | mesumrs
Fukumura 221 1 080 9 )-l-oi-l-o Bends
Nohara 23N 11243 4..55 Bends
Fukumura, 24F 120.3 L.87 Bends
Fukumura, 23F 96.9 3692 No bends
Uezato 240 108.3 4,38 No bends
Fukumura 27F 105,2 L.26 No bends
Uezato 23U 13064 5628 Bends
Nohara 27N 108.2 L.38 Bends
Fukumura, 25F 107.4 435 Bends
Fukumura 26F 98.4 3.98 No bends
Nohara 25N 86.7 3051 No bends
Fulamura, 28F 98.5 3,98 No bends
Nohara 26N 102.8 L6 No bends

TABIE 28 (b/a) = 5,07

A critical value of (&V)/((b/a)® = 1) = L.38 aifferentistes
between safe and unsafe runse No such correlation could be obtained using

any conventional method of calculation.
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8.57 Repetitive dives
The pneumatic enalogue described in section 6.6 has been

used to analyse the two repetitive dives recorded in fig. 36, With the end
chamber blenked off, as required for the correlation in teble 28, the results
are as followss=

Pirst dive: AV = 107.9 c.ce, (AV)/((b/2)? = 1) = 4s37

Second dives AV m 106,0 cece, (&V)/((b/a)? = 1) = 4,30

The fact that both dives proved safe in prectioe is

consistent with the above results in so fer as both values of (&)/((v/a)? = 1)
are less tl;xa.n the critical value of 438 determined for pearl divers in the

last section.

8,58 Interpretation of constants for pearl divers
The fact that the end chamber (No. 27 in table 16) had to

be blocked off before dives 24U and 27 N could be correlated is indicative of
a (b/a) ratio less than that for the resting state. The latter is 5.29 accord-
ing to equation 76. Hence the above analyses refer to the case wherei-

b/a = 5029 A[(564e8 = UieB)/564e8 = 5.07
since the total volume of the analogue = 564.8 c.c. and of chamber No. 27 is

lle8 coce (table 16).

A (b/a) value of 5,07 lies between the value of (b/a) =
4491 for cruising 'scuba' divers (equation 77) and that for rest when (b/e) =
5¢29 (equation 76).

This is consistent with the fact that the pearl divers are

towed over the bed of the ocean and only exert themselves when they spy a shell.
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8 for (aW)/A{/a)? - 1) for

peerl divers is higher than that of 3.43 for previous enslyses based upon
'weak' divers., This would correspond to the pearl divers possessing a
susceptibility factor of F /SP_ = %ﬂ% % 0.413 = 0,527 since equation 68
gibes F O/SPO = Ool13 for weak divers.

The value of 0,527 for pearl divers is almost equal to
that for pre-selected Naval divers for whom a value of 0,525 has been determine
(equation 67)s Thus the peerl diver would appear no less susceptible to
decompression sickness than the U.S. Navy diver.

This enhences the potential value of the thermodynamic
hypothesis which can correlate both types of diving while conventionel theories

can offer no explanation for Okinawan-style decompression.

8.6 FUNDAMENTAL INTERFRETATION QF CONSTANTS

8,61 The three groups of constants
The foregoing assesament of the thermodynamic hypothesis

would seem most encouraging in view of the fact that the same empirical values
of the three groups of constents were used in all sixteen sets of data
analysed quantitatively. These may now be sumerised as:-
(a) (b/a) = 473 for hard work,
(b/a) = 4+ for cruising scuba divers, ar
(t/e) = 5.29 at rest.
(®) (D/a®) = 04129 min~' for air
(c) (FJEPO) = 0.413 for air
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However, the significance of the preceding correlations in
assesaing the fundsmentel nature of the approach is felt to
depend upon the values predicted by ths above constents for
the basic paremeters from which the hypothesis has been synthesised.

8,62 Relstive exercise levels

While many sets of dives have been included to esteblish e
good correlation for working conditions if (b/a) = 473, only one set of resting
exposures could be found and for them a value of (b/a) = 5.29 proved satisfact-
ory. To substantiate these relative values a more exacting comparison mey be
made using Behnke's values (section 1.46) of 25 mins. as the safe working time
for no-stage decompression fram 100 feet as opposed to 34.5 mins for the same
man at rest.

According to equation 73, W0) should be the seme for both
dives since (F/SPO) and H are the same. It can be seen fram teble 20 that the
first texm in the expression for Y(t) (equation XIII) predominates, snd thet
higher roota very in a manner similer to the first. Hence similar values of
¥(t) in equation XIII would require similar arguments for the first exponential
term, i.e. substituting Behnke's reletive timess-

(25D/a2) (aol-‘ ):u_m = (3U4.5D/a%) (aai )resting

glvings=
(20 ) g riaing (8% ) fosting = 34+5/25 = 1.38 (86)

dAccording to teble 20,

g(aa1 )vm_kLng = 0,304 for (b/e) = Lke73

(aa1)msting = 0,260 for (b/a) = 5,29

o 2 2 .
This gives (e\m1 )worki ng/(apt1 )resting = 1,37 which is in
good agreement with equation 86, confirming reletive values of (b/a) = 5,29
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for rest compared with (b/a) = L4e73 for work. While the relative values of

(b/2) may be correlated successfully, the next stage is to determine whether

the absolute values are realistic,

8.63 The dimensionless group !b(g}

It is difficult to compare the ratio (b/a) of inter-
cepillary distance (2b) to capillary dismeter (2a), when one cennot identify
the critical tissue type positively. However, it is known that the particular
tissue is closely associated with the locomotor system (section 3.11).

Taking muscle, Kety (1951) quotes maximum diffusion
distances in fully-vasodilated skeletal muscle given by

15 microns for horse, and
% 11 microns for dog,

Hence, for fully-vasodilated skeletal muscle in man one
would expecti-

11 < (b-a) < 15 microns

The closest state of stimulation in the dives analysed is
that for hard work when equation 78 givesi~ b/a = 4.73

Eliminating b from the sbove equationsz-;

2,95 € a < 4,01 microns (87)

8.64 The capillary diameter

The reason for selecting empirical values for the three
basic groups, in preference to deducing such quantities synthetically, becomes
spparent when one takes a basic dimension such as the dismeter of a capillary.
Values quoted in the literature range from 5 microns, used by Kety (1 951) on

the basis of measured circumferential distance, to 8 microns by Burton (1954).
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Even higher values can be found if one searches in the literature for long
enough. However, the sbove range could represent an error of over 150% in
the effective capillary area, which is totally unacoceptable for eny quantitative
analysis.

The ‘most realistic eppraisel is probebly afforded by
regarding the capillary as an elastic tube whose dimensions are determined by
those of the passing red cells. While this approach would reduce the above
range of 5-84, it still leaves scope for alternative interpretation. The
average diameter of the erythrocyte is quoted by Keele and Neil (1965) as 7.3
microns, while Bazett (1941) gives the equivalent diameter asi-

56 microns on a volume basis
average 6.0 microns
6oL+ microns on a surface area basis

It would therefore seem reasoneble to reduce the above
range of 5-8 microns to 6,0-7.3 microns, or

3.0 < a < 3,65 microns (88)

This renge i1s in very good agreement with thet determined

from the b/a retio derived from diving data, and expressed by equation 87,

8,65 The group (D/a®)

[N
The empirical value used for the foregoing analyses of the

prime trensient group is D/a® = 0.129 min '. Combined with the velue from
section 8.61 of b/a = L.73 for working conditions, this givest=
M
2 = 0.01 68
((v/a)® - 1)
which lies within the range 0.0165 = 0,0174 predicted fram the Yt

approximation in equation 75¢- also for working conditions.
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The most fundamental parameter to be deduced from this
group is the diffusion coefficient of nitrogen in cytoplasm (D).

Substituting for (s) according to equation 88, and D/a =
00129 min' (equation 79),

1016 X 10° <D< 1,72 % 10° an® min™', (89)

Applying Grehem's law to the value determined experimentally
for acetylene in section 5.48,
For nitrogen, D = 1,37 X 10™° x  A26/28 = 1,32 x 10~° a® min™,

It is regerded es most significent that this value should

lie within the range predicted from decompression analyses in equation 89.

8,66 The dimensionless group (F c‘/SPQ)

For a weak diver it has been established (equation €8) that
(F‘/ﬁo) = OJI-130

For a predominantly aqueous tissue, as indicated by
'saturation' helium dives (section 8.,26), Behnke (1951) gives the solubility
of N2 in tissue as 8P, = 0,01277 c.c. Nz/c.o. tissue.

In this case F‘° = Oel13 X 0,0127 = 0,00525

This implies that 0.525% volume displacement provides
sufficient gas which, if congregated, can give rise to marginal symptams,

While it is not necessary for proof of the hypothesis, it
is interesting to speculate upon the possible size of the "critical bubble®, If
it is postulated that all gas seperated in a cross-section of a fibre must be
congregated into one bubble to provoke pain, then the critical bubble radius is

given byt
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——-x—-—a = 0,00525.

(b? - 2?)
Taking b/a = 5.29 (resting) and a = 3,65 microns (red cell radius), the above
expression gives y = 1,41 microns.

A diameter of approximately 3 miorona would seem reasonsble
for the bubble causing symptoms in a 'tight'(tissue. However, the most
significant quantitative appreisel of this value is the additional pressure
imparted by surface tension (section 1+.6) and its eventual role in predicting
10,500 feet as the minimum altitude at which phase separation is initiated in a
man decompressed after living in air at ground level (section 5.68).

In conclusion, there would seem adequate justificetion for
claiming that the values of fundamental parameters derived from dive analyses
lie well within the reasonable Iimits to be anticipated by more direct and
conventionel methods of determinations It seems most unlikely that every velue
derived of a fundamental parameter would lie within practicel limits if the

synthesis of the hypothesis were not realistice
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DISCUSSION

9.1 The Controversigl Issues

The critical review of the published theories of decompression
sickness (section 1.6) led to a list of eleven issues (section 2,3) whose
coversge was considered vital in attempting to derive a camprehensive hypothesis
Most quantitative approaches tend to avoid discussion of many of these vital
issues and so derive 'calculation methods' rather than theories.

The 'thermodynemic' hypothesis, derived in this thesis, has
attempted to produce a more comprehensive aspproach by using more rigorous and
fundemental treatments. This has led concepts for the followings-—

1 The site of pain-provoking bubbles within the critical tissue
and their probable distribution = figs. 7 and 12,

2, The physical mechanism for the formation of a bubble following
phase separation (section 4el).

3. A physicsl mechaniam by which a bubble can provoke pain, end a

quantitative description of the process (section l4e1).

While the treatment of these aspects could be incorporested into
many existing theories with little modification, the issues in which there is
direct contrast with conventional calculation methods mey be listed as follows:-
1. The number of tissue types involved.
2¢ The nature of gas phase initiation upon decompression.
3s The driving force for inert gas elimination following

decompression.

4o The transport modsl.
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Since the ebove list covers almost every major issue, the contents
of this thesis cast doubt upon the fundsmental basis of all published decam-
pression tables. The valifBity of these divergencies may now be reviewed for
the items disputed,

9.2 The Number of Tissue Iypes Involved

The number of tissue types postulated as being involved in the
manifestation of marginal symptoms of decompression sickness seems to be the
least certain aspeot in all quantitative theories. No positive evidence is
given for the participation of 4~6 tissues of arbitrary half-times (e.g. 5, 10,
20, 40 and 75 mins.) presumed by conventionsl methods of calculating decom~
pression tables (sections 1.62 and 1.63).

On the other hand, the theoretical approaches of Hemplemen, Rashbass
and Albeno (sections 1.6l = 1.66) cen be no more certein that only one tissue
type is involved, the only oriterion being the relative abilities of the final
calculation methods to correlate practicel data.

This lack of positive identification stems from the very limited
value of the wealth of pathogenic evidence summarised in sections J¢2 and 3.3.
The fact that one finds a bubble in a tissue is no justification for oleiming
that that bubble, or any others in that tissue, could have been responsible for
marginal symptoms.

In selecting a single-tissue model for the thermodynamic hypothesis
(section 3.24), the argument that no transition points could be detected in the
experimental depth-time limits for safe no-stage dives would seem more positive

reesoning than simply assuming a convenient number of tissues. However, it
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could be ergusd that conventional calculation methods are really convenient
spproximations for the cese of a continuous spectrum of tissue response times.
But, it is difficult to see how a At effect can arise from multi-tissue part-
icipation unless there is a remarkasble coincidenoe in the relative values of
time constants and decompression retios for different tissues. However, these
ere all erguments based upon calculation methods.

Throughout the literature, the advocetes of multi=tissue theories do
not seem to have provided eny evidence releting the nature or site of symptoms
observed to the particuler hypotheticel tissue whose critical tension limit
should have been exceeded.

In physical terms, there would eppear to be an even wider veriation
in the elastic properties of tissues (McDonald, 1960) than in trensport
characteristics. If the concept of a pressure differentiel is reslistic as a
mechenical force deforming nerve endings and giving a rise to pain (section 4,13,
then equation II should holds This expression indicates that bulk modulus should
be equelly es importent as the volume of gas sepaerating in determining the
proximity to symptoms. Hence it seems unlikely that more than one tissue type
would possess camparsble susceptibilities based upon a combination of modulus
and response time, Bven if this were the case, it would seem most unlikely that
they would have half-times for uptake distributed as evenly as the values used
for compiling descompression tables. The conventional multi-tissue theories
would thus appear to be physiologicel explenations for convenient mathematicel
methods rather than approaches synthesised from fundamental peremetera.

The emphasis upon the mechanical aspects of tissus would seem well
founded in the light of the velues of Young's modulus celculated from dlving data

(section 4e15) and the correlation of susceptibility with age (section 4e16).
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9¢3 Nupleation

Every published theory of which the writer is aware uses the same
mathematical expression(s) to describe the elimination of a ges following
decompression as are used to describe its uptake. This implies that no phase
change has occurred until the individual critical tension velues are exceeded.
Only ges in true physical solution can contribute to a driving force for
transport - whatever the model.

Hence, for such mathemetical forms to be physicelly consistent, there
would have to be e state of supersaturation following decompression, the
criterion for symptoms effectively defining a metastable limit. However, the
latter concept has been long sbandoned in all of scme ten or more aspects of
suppressed transformation in vitro. The conclusion reached in section 4e2 wWas
that nucleation is a rendom process and the only effective quantitative treat-
ment must be of a statisticel nature. This includes cevitation at ligquidesolid
bounderies.

The five hundred and eighty decompressions desoribed in section 6.2
would provide strong evidence that nuclestion at oil-=agueous phase interfaces
is also a random process. Moreover, any %threshold decampression for cavitation
must be far lower than any limits indicated by the decompression ratios or fixed
pressure differentiels advocated by published theories of decompression sickress
(section 1.6).

Records for solid=liquid interfaces in the literature (section 4), and
for ligquid=-liquid by direct experiment (section 6.2), all indicete that there
should be no true metastaeble limit for any liquid-gel or liquid-liquid boundary

likely to occur in vivo. The random nature of nucleation would certainly seem
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to be consistent with litersture data upon the occurrence of bubbles in vive
= a8 sumnarised in section 4¢3 and illustrated by table 5.

Hence there would seem to be a very strong cese for abendoning the
concept of any metastable limit in diving - just as has occurred in the
theoreticel treatment of all other forms of suppressed transformation. For a
random process the worast possible case is therefore that for which there is
thermodynamic equilibrium sinces=-

1. this condition represents meximum separation of the gas phase.

20 2ero supersaturation, and hence the minimm driving force for

elimination of the separated inert gas via the cepillary
(section 5.74).

If one accepts the concept of a pressure differential with respect to
tissue as a realistic motivating force for pein, then it would seem reasonsble
that this worst possible case should be the relevant model for celculating
decompressions (section 4e54). For this case one must dispense with the concept
of limited supersaturation and hence with any theoretical epproach which uses
the seme time functions for both inert ges elimination following decompression
and inert gas uptake. This applies irrespective of the postulated mecheniam or
of the critical persmeters selected for predicting symptcma.

The thermodynemic hypothesis would thus eppeer more consistent with
the literature and experimental work upon suppressed transformation than previow
theories of which the writer is eware. Justificetion for this radicel
divergence from conventional theories, and their quantitative expressions, is
afforded by all evidence of phase seperation without symptoms -~ "silent bubbles"
This includes X-ray data (section 8,14) end evidence of a phese change at low

altitudes (section 5.68)s The thermodynsmic hypothesis is also far more
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campatible with surface decompression, pvost-decampression sickness and the

decreasing tolerance of pilots to successive aerial decompressions (section
8.18) then eny theory based upon limited supersaturation.

9ek The Driving Force for Inert Ges BElimination

In dispensing with the concept of superseturation for the worst
possible case, one is faced with the problem of ascertaining the true driving
force for the elimination of inert gas during decompression. The physicow=
chemicel reactor (sections 5.6 and 5.7), shows how a driving force for the
inert gas can be provided by an inherent unsaturation erising by virtus of
motabolism, This unseturation has been known for some years for air at ground
level, but has probably been diamissed by workers in decompression sickness as
ingufficient to effect eny appreciable transpoert.

However, the physico-chemicel analysis, terminating in equation 48,
indicates that the driving force for inert ges elimination should incresse with
absolute pressure and the mole fraction of inhaled oxygen. Even at conventional
steging depths, this becames an appreciable quantity.

The experimental work described in section 6.3 would represent the
strongest practical evidence that the inherent unssturetion exists end that,
for the rabbit at least, it varies according to the theoreticael predictions of
equation 48. However, up to the point of no phase changs, this equation
indicates a greater driving force for tissue desaturation at greater depth,
which is the exact converse of all conventional reasoning based upon supersatur-
ation, In prectice this would suggest much deeper staging for a more rapid

overall ascent time of a diver (section 5.9).
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Very strong precticel support for this radiocal reversal in diving
practice is provided by the empirical Okinawan techniques (Appendix I), end
the comperative trials of the optimised thermodynemic decampression and
stendard Navel tables (section 6.8).

Some advocates of conventionsl theories (U.8. Navy, 1966) have
oxpressed the opinion that the driving force of 195=235 mm. Hg, predicted by
equation 48 for a depth of 30 feet, would still be insufficient to account for
gas elimination during staging. This might be true for their simple transport
model which assumes a linear response for blood tissue exchange. However, for
moat practical dives such as those described in teble 26, ges should separate
reasonably close to the cepillary (section 8.55) in which cese the inherent
unsagturation becamnes far more effective in motivating inert gas transfer in a
diffusion-limited transport system.

The strongest evidence supporting the adequacy of such a driving
force is shown by use of the concept in the analyses of practical dives in
teble 26,

The other aspect of equation 48, i.e. its prediotions about the
variation of total ges tensions with the mole fraction of oxygen would seem
well founded. BSupport is provided by practical correlation of Ap with x
(section 6.4), predictions of pressures for phase changes (section 5.68), and
explanations for the effects of increased oxygen in reducing the incidence of

symptoms (section 8.15).

95  Ihe Trensport Model

The changes in decampression techniques suggested by accepting a

diffusion=controlling in preference to a perfusion=controlling transport model,
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are no where near as radical as those advocated by accepting the inherent
unsaturation as the relevent driving force following phase separation. This
arises from the similar quantitative results obtained from calculating inert
gas upteke by conventional means or by the 3=-dimensional approach expounded
in sections 5e¢4 and 5.5.

However, this is a most fundamental issue in which the conclusion
that diffusion may make a far more significant contribution to limiting blood-
tissue exchange than generelly accepted (section 5.2), casts doubt upon the
popular method of measuring regional blood flows by isotope clearance techniques
In Appendix III # is shown that data popularly quoted as proof of a perfusion-
controlling model may be equally well interpreted upon a diffusion-limiting
basis. The remarkable paralleliam of arguments leads to the necessity of
either

1s postulating camplex physiologicel mechanisms invoking shunting

between parellel arteriovenous pathways, but using simple
quantitative expressions for a perfusion-limited exchange, or

2, performing a far more rigorous quantitative analysis of the

simple 3-dimensional histological model, involving fer more
complex mathematios.

The latter approach has been attempted in section 5.4. The whole
problem of perfusion versus diffusion seems to hinge upon the values one is
prepared to accept for the diffusion coefficients of cytoplasm and extra=
cellular fluid.

If one accepts the wvalues quoted in section 5.3 for diffusion co=
efficients determined for various solutes by Fenichel and Horowitz, and for

inert gases in section 5.4 (using data from 6.3), then diffusion must make e
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far larger contribution to uptake control than is gensrally recognised, From
the discussion of this vital issue in section 5.3 the conventional argument
expressed by Forster, Kety, Roughton, Thews etc. would eppear to have one
large error arising from their use of diffusion coefficients determined by
methods in which any heterogeneity would completely invalidate any values
obtained.

While no one can ever be certain that the modsl used to determine
diffusion coefficients is realistic, there cen be little doubt from the uptake
results (section 6.34 and fige. 19), that tissus is a heterogeneous diffusion
medium for inert gases. Thus there seems to be a sound oase for a change of
emphasis in the relative contributions of perfusion and diffusion in limiting
uptake by tisswe. If one accepts this argument then, from the irregular nature
of internal tissue geametry, it would seem reasonabls for diffusion to be the
rate=limiting process in the particular instance of the worst possible case -

as envisaged morphologically in section 5¢5.

9.6 Other Kinetic Factors

The probebility of the worst geometric conditions coinciding with
the worst nucleation conditions would seem very small., Hence, despite the
very large number of possible micro-tissue regiows in which sufficient gas
could congregate to give pain, there could still be a reasonable chance of
symptoms failing to ocour after a potentially unsafe decompression. The
thermodynamic hypothesis can thus offer an explenation for one of the major
features of decompression sickness, and one which is avoided by most exponents

of conventional calculation methods.
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dnother similar salient feature is the random onset time of symptoms
which would seem to be adequately explained in section 8,12, with particular
emphasis upon exercise (section 8.13).

However, the almost instantaneous onset of symptams using conventiona.
tables, eegs UeSe Navy (1964), compared with any following the thermodynemic
format indicates thati-

1 the gas phase is well established in the U.S. Navy diver long
before he reaches the surface, and has therefore coalesced by
the time it is permitted to expand to pain-provoking dimensions
during the final 'pull' to the surface.

2. little, if any, gas has separated by the thermodynamic foxrmat

before the final *pull' to the surface« hence longer onset times
(see table 18).

The 'thermodynamic' method would seem to achieve more repid overall
decompression by allowing gas to seperate in the final stages, thus using the
greater driving force associated with greater depth for elimination of gas via
the capillary. The reverse would hold for the U.,S. Navy format which is
effectively a therapeutic treatment for separated gas which has not become

manifest in the clinical sense by virtue of the Boyle's law effect.

9.7 Correlation of Practical Data

Qualitatively, the thermodynamic hypothesis has eppeared consiastent
with all the facets of decompression siclkness of which the writer is aware.
The latter have been reduced to the twenty-three essontially different aspects
which are discussed in section 8.1. While parallel arguments can be offered by
all theories for most of the topics, it is very difficult to see how convention-
al theories of limited supersaturation can explain the following points;-
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the effects of exercise during decompression (item viiie=8.13),
the threshold altitude for a phase change es indicated by X=-rays
(item ix=8.14) and the other evidence diacussed in section 9e3e
the decreased advantage of pre-oxygenation gt altitude (1tem
xiv=8.15).

the decreasing tolerance of pillots to successive eerial decom-

pressions (item xxi-8.18).
surface decampression (item xocdii-8.18),

Quantitatively, the thermodynemioc hypothesis would appear to offer

better correlation of the occurrence of symptoms than any theory of which the

writer is aware. Essentially cne expression (equation XXX), whose component

terms are defined in section 5,85, has been used to correlates-

1.

2¢

e

bes

5e

6.

Te

The minimum depth for provoking symptoms in 'weak’ and pre-
selected divers breathing air (section 8.22).

The minimum altituds for provoking symptoms in 'week' end
pre-selected pilots breathing air before ascent (ssction 8.23).
The minimum depth for provoking symptams in divers breathing
oxygen-enriched air (section 8.25).

The minimun depth for provoking symptoms for divers breathing a
mixture of 80% He, 20%'02 (section 8.26).

The threshold altitude for the phase change discussed in
section 9¢3 (eection 8.24).

The linear form of the decompression ratio determined
experimentally for goats (section 8.27).

The ¥t relationship (section 8.,33) and the correlation of the
empirical constant with fundamental parameters (section 8.64).
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8, No-stage "soube dives using air (section 8.41).

9+ Various sets of no-stage working dives (sections 8,42 and 8e43).

10, No-stage dives using helium (section 8.44).

11. "Oxygen bends® (section 8.45).

12. Dives with titrated staging (section 8.52).

13 Working dives with and without staging (section 8,53 and 8.54).

1ls Okinaewan dives (section 8.56).

15. Repetitive dives (section 8,57).

The seme critical value of the orucial parsmeter (Fc/aro = 0.413)
enables theoretical critical pressures to be deduced for each of the aspects
of items 1-7 which lie within the various ranges of practical values. The same
value of (F c>/sr>o) enables symptams to be correlated with dive format in all
except three out of more than 100 different dives, these differences talding the
many forms suggested by items 8-15. However, of the three outstanding cases,
in only one did symptoms occur when not predicted by equation XXX, and this was
a case of itching,

The other two were less serious in so far as symptoms did not occur
although predicted. These could be dismissed on the statistical grounds that
each dive was performed by only two men in one case and by three in the other.
However, even if one supposea that a "worst possible" site was fully nucleated,
it is interesting to note that both exposures were working dives of long
duration = 105 mins (teble 23) and 60 mins (table 27). Both cases could be
readily correlated if these divers had eased their heavy work rate over such
extended periods to match that of a cruising ®scuba® diver ~ see sections8.42
and 8e54.
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Hence there would appsar to be plausible explanations for the few
minor points of discrepancy in an otherwise complete correlation of the

occurrence of symptoms with practicel dives of widely differing types.

9.8 Fundamental Interpretation

The use of dimensionless groups in analysing dives has proven
particularly expedient, and has suggeated values for the following basic
constantst-

1. A criticael bubble diameter of 2,82 microns which seems of

reasonsble megnitude and implies (section 4.15) a value of
Young's modulus for the critical tissw lying within a
reasonable range to be anticipated.

2, An intercapillary distance (b) within the range 14.2-17.3
microns for hard work to 15.8-19.2 microns for rest. These
values would seem reasonable for a tissue type which is not
muscle yet is closely associated with the locomotor system
(section 311 ).

3. A diffusion coefficient for oytoplasm, of 1615 X 10" %= 1,72
x 10°° an? min,” ' which is within the renge determined by other
truly transient methods which do not assume tissus to be a
hamogeneous diffusion medium (section 5.32).

It would seem most unlikely that theoretically-derived values for

three such basic parameters would lie within practicel limits if the postulated

mechaniam and model, and subsequent mathematics, were not reslistic. The above
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qQuantitative correlation thua represents the strongesat evidence in favour of
the fundamental approach employed for synthesising the hypothesis deduced in
this thesis,.

The more intriguing espect of this work is the prediction that there
is an altogether faster means of dscompressing a diver than could be conceived
from conventional theories (section 5¢9). The camparative trials upon goats
for an arbitrary exposure (section 6.8), which showed a saving in decompression
time exceeding 306, would appear to provide "the proof of the pudding®.

This would indicate that the analogues described in sections 6.5 and
6.6 must be close to a true simulation of the actual process oocurring in the
critical tissue during decompression. The thermal enalogue would therefore
warrant further development for possible use at sea as an automatic indicator
of optimal decompression, while the same basic principle might be adapted for

simulating the uptake of volatile anaesthetics.

9.9 Conclusions

Fram the foregoing discussion the following conclusions may be mades=—

1 There is a faster means of decompressing a diver than would be
predicted from conventional theories and tables.

2, Such reduced decompression times can be attained, with no loss
of safety, by employing deeper staging techniques.

3¢ Such techniques are consistent with the hypothesis described
in chapter 7, and sumarised quantitaetively in section 5.85,

L, The deeper staging advocated by the hypothesis is consistent

with the techniques devised empiricelly by Okinawan pearl divers,
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(Appendix I), and with the increased 'inherent unsaturation'
which has been observed at greater absolute pressure (section 6e4
The thermodynamic hypothesis offers a better quantitative
correlation of many types of dives than can be obtained from
conventional theories,

The thermodynamic hypothesis is more consistent with the many

qualitative facets of decompression sickness than conventionsal

theories (section 8.1).

There is little justification for the conventional postulation,

or implication, that there is a metastable limit to the super-

saturation of tissve by gases.

Cavitation at a liquid=-liquid interface is a random process, any

threshold decompression being appreciably less than indicated by

the decompression ratios or fixed pressure differentials
advocated in conventional theories of decompression sickness.

The analysis of diving data is consistent with the concept of

considering only the 'worst possible case' from the following

points of view:=

(a) meximum gas phase separation, i.e. thermodynamic
equilibrium,

(b) minimal blood-tissue exchange, i.e. where the space between
two adjacent capillaries is occupied by cellular material
only.

Skeletal muscle cannot be regerded as e homogeneous diffusion

medium for inert gases.
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There is little justificetion for the conventional practice of
assuning that the blooditissue exchange of a single tissue
exhibits a linesr response.

There could be far greater errors than generelly accepted in
the popular method of measuring regional blood perfusion retes
as the exponential constant X partition coefficient.

There would seem to be considerable doubt about the validity
of the popular practice of using diffusion coefficients for
tissue as those of water or those determined by steady-state
methods - particulerly when used for calculating transient
exchanges.

The thermodynemic hypothesis ensbles values to be determined
from dive analysis for fundamental physiologicel parameters

which are within reasonsble limitse.
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Appendix I
OKINAWAN DIVES

Records
In 1959 the Aeromedical Unit (Adelaide) organised an

expedition to the North Queensland coast to record the diving
techniques of Okinawans hired upon two-year contracts by the
pearling companies. The financial incentive to minimise
decompression time has resulted in their developing an empirical
diving format over the last century. The feature of diving in
the Torres Strait is the long and deep exposures, up to 41 hour

at 300 feet, often performed twice in one day by the same man.
The divers are towed over the bottom of the ocean while searching
for shell, and wear a helmet and full-suit.

The records and results of eleven dives are shown in fig.lLlh
together with the corresponding decompression prescribed by other
methods. The writer can claim no credit for any of these records
and would like to express his appreciation to the Aeromedical
Unit (Adelaide) for access to them. They have since been
published (LeMessurier and Hills, 195) together with the writer's
thermodynamic explanation for the success of the Okinawan's
decompression technique.

Features

The Okingwan dives differ greatly from all Naval tables and

defy correlation by any conventional theory. However their

technigue has been shown to permit more rapid surfacing from long



and deep dives, although Naval tables are faster for short
exposures. The qualitative features of the Okinawan-type of
decompression are:-

1. Direct surfacing from 30 - 4O feet.

2 Deeper staging throughout the decompression than any

advocated by conventional tables or theory.

A quantitative analysis is performed in section 8.67.

It should be emphasized that the methods used by indentured
Okinawans are entirely different to those introduced by the Royal
Australian Navy and Department of Primary Industries for use by

native 'islanders' diving for pearl shell in the same waters.
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APPENDIX II
TRANSIENT DIFFUSION IN PERFECT GEOMETRIC SHAPES

THE INFINITE HOLLOW CYLINDER

ansient radial diffusion tio
Applying Fick's law to the conservation of a solute at a
point given by the radial coordinate (r), the tension (p) of that

solute may be expressed ass-

= [f & =3 B (201)

where D is the diffusion coefficient.

Tension distribution
Let the infinite hollow cylinder have an internal radius (a)

and external radius (b), and zero initial tension throughout, i.e.
P =0 for t = 0. Carslaw and Jaeger (1959) have derived a general
solution for the tension in the cylinder a < r <Db as:-

-akx(k' - bk!.log(r/b)) + bk' (k. + ak_. log(r/a))
P = 1 ? v 3 : 2
aJa:z..‘n:1 + bJ:;i.k:2 + abk k_ log (b/a)

s  exp(-Da?t)

-T L5 WL (k:.a.nJ1(ba.n) - k'zJo(ba.n)) Co(r,an)

[.ks(k:anJ1(ban) - k;Jo(ban))-k;(kianJ1(aan)+k2J°(aan)).]
(202)

where F(a.n) = ((k;)zarzl+(k'z) 2) (k1u.nJ(aa.n)+szo(aa.n)) 2

- (kiapsx?) (klo T (ba )-k!J (be ))? (203)
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and Cc(r,an) = Jo(ran)(k1anY1(aan) + sz6(a°n))
- Yb(ran)(k1anJ1(aan) + szO(aan)) (204)

for which ¥ o are the roots, all real and simple, of:-

(k10.J1(ao.) + szo(aa.))(k:aY1(ba.) - k'zYo(ba.)) =

(k1a.Y1(aa.) + szo(au.))(k:o.J1(ba.) - k7 (ba)), (205)
k, k, k, k:, k; and k; are defined by the general boundary
conditions:~
ki(bp/ar) -k, p=k forr=a (206)
and k:(ap/ar) + k) p= kl for r =Dd (207)

k1, kz, k: and k; are constants which may be positive or zero

provided k and k, or k: and k; do not both vanish.

Model for decompression sickness
The model for the worst possible case (fig. 8) has two

boundary conditions:-

1. No mass transfer across the boundary r = b since such points
would be supplied equally by two capillaries, i.e. (dp/dr) = 0 at
r = b.

This satisfies equation 207 if k: =1, k; = 0 and 1:'3 = 0,

2. No concentration gradient across the capillary. 8Such a step
in blood tension, defined by p = 0 for t < 0 to P = PA for
t >0 and r < a, means that equation 206 is satisfied if k

1
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Thus equation 202 becomes:-

(1 N=co o.;(J . (ba.n) ) 200 (r,a.n) exp(~-a ;Dt) )

p = P - T _2_ i
A n=1 F_(_u'n)

(208)

Similarly, equation 203 gives:-
3 2
Flay) =a/ ((Jo(aan))2 - (7, (va))) )
equation 204 gives:-
Co(r,an) = Jo(ran)Yb(aan) - Yo(ran)Jo(aan)

Thus the overall solution becomes:-

N=o00

p=PF, [1 -7 ngh (Jo(ran)Yb(aan)—Yo(ran)Jo(aan))exp(-aé?t) :] (209)
CATSZECRDE

+

where = a, are the roots, all real and simple, of eguation 205,

which now becomes:-

J,(aa).¥ (ba) = Y, (aa).J (ba) (210)

Bessel and Neumann functions are defined according to

Watson (194l).

Total uptake

The total gas (G), expressed as volume (8.T.P.), entering
extravascular tissue may be obtained by applying Fick's law to the
capillary wall:-

daag
H = "27"&]).80 ('g?)r (211)

=8
where S is the solubility of the inert gas in cytoplasm - expressed

as vol. gas (8.T.P.)/vol. tissue x pressure.
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Applying equation 211 to equation 209, we have:-

N=co G (J (aa )-Y (aa. )J (aa ))exp( a."‘Dt)

a8 P,8.D .3
dt 2ra A n=1 ((J (aa‘ )/J (bﬁ ))2_1)
Integration, assuming G = O for t = 0, gives
n=co _ i h
G = 21%aP8 %, (7, (a0 )Y (a0)-Y (aa )T (ac,)) (1-exp( ajDt))

((J (a8,)/7  (8a ))2-1)
For t = 0, G =G = w(bz-az)SPA

Thus

G
E%o = w(bZa?)sp, =° - o=y

noo (J (aa )Y (au )-Y (aa )J (aa ))exp(-a Dt)

mal (aa, ) ((J (aa_)/3, (ba_)) 1)
But Jo(x) .Y’(x) - Yo(x)J1(x) = 2/7x
Hence
g _ g e e exp(-a2Dt)
% w(b2-a®)sp, ((b/2)?-1) nat (aa_)2 (G5 (aay)/a, (ba n)) 1)
(212)
Approximations

Until the diffusing gas reaches the 'back wall' (r = b), the
boundary condition given by equation 207 may be waived. The solution
to equation 201 for such values of (t) is then the same as that of
an infinite region bounded internally by the surface r = a. Carslaw
and Jaeger (195%), give:-
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w exp(-Du2t)(J (ur)¥,(ua)-Y (ur)J (ua)) :

2. -4 +2
Fa

= f (@ (aw)® + (yo(au))z) ( )

(o]

Application of equation 211 glves the gas uptake as:-

¢ =2 = DP,8 exp(-Du?t) gu. ot !
B /. /; u (J (au))2+(Y (au))z) (213)

Carslaw and Jaeger (195%) give a plot of the dimensionless
groups ‘
1€}

St /2P \D8 vs. Dt/a2

Graphical integration gives a plot of the dimensionless

quantities G ve. Dt
2
2ra PAST a

Further approximations

For smaller values of t,

# e (B i - 1(B) 1 (2) ] e

Ultimate approximation
For smaller values of t such that 7?%37 >> %

i.e. t << U4a?/D, other terms become negligible relative to the

(3%)= entlaby J_% (215)

first, and
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for which integration gives G = LwaP,N(Dt) (216)

Jaeger (1956) gives plots of (p/RA) vs. log‘o(n/a) for
various values of (Dt/a2?).

These range from r/a = 0.1 to 100 and (Dt/a2?) from 10~ > to 10°3.

INFINITE SOLID CYLINDER

Tension distribution

Let us consider a solid cylinder of radius (b), l.e. O €£r <D,
initially at zero tension, i.8. p = O for t < O. For a step in
external tension, defined by p = 0 for t <0 to p = PA for t 0
at r = b, Goldstein (1932) gives the solution to equation 201 for
such boundary conditions as:-

IN=o00

_ _ J_(ra_)exp(-a2Dt)
p=P (1 2 %, _Q(bu.i-)ﬁi(banz)l (217)

where & “n are the roots of:-

J (ba) =0 (218)

Total uptake
Application of equation 211 to equation 217 for gas traversing
the capillary membrane gives:-
d N=o00

G
at = 4LmP,DS ny exp(—a.rlet) = 2waDS (g-g i
t—1
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Integration gives:i-

e =1l

n=o exp(-a2Dt
= exp(-a;Dt) (219)

Approximations

From Goldstein's approximation for equation 217,

i
% %
. _ (b b-r (b-r)thb) : b-r.
¥, = (r) erfc (W—H Dt )+ Ve ierfe ( my bty
9 2~Tr2-2br)Dt . 2 ( b-r
+ .(—H ic“erfce )
32b3 2.1'0.5 2 2 (Dtj

For small vglues of t, all but the first term may be neglected
when p = P (E)E erfc ber
P="a \p 2V (Dt)

Py Py

P 2
Qe = - A A L4b~
(ar>r=b = V(wDt) 2b ~ V(wpt) T t<<3q
Applying Fick's law to the surface, (dG/dt) = 2bSPA~f(1rD/t)

Integrating, G = LbP,& (7Dt) (220)

SOLID SPHERE
Radial diffusion eguation

('gi‘% + % 'g-g = %. (-g"_%) (221)

Tension distribution

Let us consider a solid sphere of radius (b), i.e. 0 €r <b,

initially at zero tension, i.e« p = 0 for t < O.



8.

For a step in external tension, defined by p = 0 for t < O to
Pp=PF for t >0 and r > b, Carslaw and Jaeger (1959%) give the

solution to the above expression as:-

b r=w 2n+1 )b- _ n4+1)b
p=PF |1-3 1 erfc (Laﬁﬁ%’—n) erfc (%%ﬂ)] (222)

from which the applicaticn of Fick's law at the surface (r = b) gives:-

48 _ LaoDs.p, n—zo (erfc [*T('ft)_]' erfe [5-(%%_])

_n2?2 n1 aba
D o ~ Dt 3

- Ip2p,s f” <e +e )
t P

n=0

where G is the total gas entering the sphere.

_ 2, po2
Carslaw and Jaeger (1959d) give = = 4 - & <« exp(=Dn®r®t/b?)
PA 1T2 n= nz

G 3G 6 exp( ;ﬁg t/b?)
Thus = = =] = = 2
Goo Larb BPAS w2 n=1 n? (223)
INFINI P FACED SLAB

Linear diffusion equation

In one dimension (z), Fick's law becomes:-

2%\ _ 1, /&
3z2 D ot (224)
Tension distribution

Let us consider a flat parallel-faced slab of thickness (2b),

i.e. =b €z <D, initially at zero tension, i.e. p = 0 for t < O.
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For a step in external tension, defined by p = 0 for t < O to p = PA.
for t > Oand b < z < - b, Gray (1924) gives many solutions to
equation 224, the simplest being

= erf (%) + erf (Eﬂ%)%f) (225)

Expanding the error functions as series, and applying Fick's

=7

law to the faces:-

o 2
%_ _ _2_3_(1_}3___ -4 - 8 % exp(-(2n-1) 2w 2Dt/Lb ?) (226)
00 A 72 n=1 (2n - 1)2

N.B. The first 3 terms give the basis of the Rashbass equation
(Section 1.65) °

DEFINITIONS
1. Bessel and Neumann functions are used according to the

defiritions of Watson (194L).

2e Error functions defined as:-

z
2 -u? n F . n-
erf(z)=s === / e du = 1-erfc(z); ierfc(z)= /i &t (.
N
o b
forn =1, 2, etc.



Appendix IIT

DITIONAL FACETS OF THE PERFUSION vs. DIFFUSION CONTROVERSY

ADDITIONAL FACETS OF THE PERFUSION vse DINNUSION UONINUVARSL

Introduction

It is not intended to prove in this thesis that diffusion
is the process limiting the uptake of inert gases by tissue.
However the writer does dispute the popular concept of assuming
that blood:tissue exchange is entirely circulation-controlled,
and would hope to show that the resistances to uptake afforded
by diffusion are far more significantlthan the calculations of
Forster (19l) would suggest.

This statement is based upon the fact that such authors have
used values for diffusion coefficients determined by méthods
whereby the solute could by-pass cells. Moreover they presume
that each tissue has homogeneous diffusion properties.

The arguments disputing these assumptions have beén expressed
in section 5.2, the heterogeneous nature of skeletal muscle
being emphasized by the very large difference in the diffusion |
coefficients for cellular and extracellular material found for:-

(1) inert solutes of varying dipole moment by Fenichel

and Horowitz - see section 5.3, and

(2) inert gases - see éeétions 5.48 and 643.

While such data would support diffusion making a far more
significant contribution to limiting blood:tissue than normally
acredited, there is much other évidence quoted by the proponénts

of perfusion. Before reaching any decision it would seem desirable
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to see if such evidence were not equally compatible with s
diffusion-controlling model.

In the literature upon decompression sickness the work most
frequently quoted in support of a circulation-limited uptake, and
the subsequent use of simple expontial functions (equation 19), is
that of Jones (1951).

imultaneous wash-out of inert ses

Jones' chief argument in favour of exchange being controlled
by the circulation is the similarity of time constants for different
gases simultaneously eliminated from the body by an 'oxygen wash-out'.
He measured nitrogen together with one of the following:- helium,
krypton or radioactive xenon.

However, in his comparison of values, Jones' method of
enumerating exponential terms would seem to be purely arbitrary,
there being no apparent reason why k1 should be assigned the
largest value, k2 the second largest, etc. On the other hand there
would seem to be at least three réasons for adopting the réverse
order, i.e. k1 is the smallest, k2 the next smallest, etc. These
are:-

1. The process of extracting linear components from the overall
semi-log plot must start with the smallest, and work to Successively
higher values. With a little experience at the technique, the
writer completely fails to see how Jones can leave blanks in his
table for values smaller than the largest quoted for a particular

run. It would seem impossible to extract a component of large time
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constant (kj in equation 6) without knowing precise values for all
'slower' components.
2. From experience it is impossible to isolate the very fast
components such as in figs. 17 and 19. It is therefore difficult
to see how Jones could say which was the first component according
to his method of enumeration. For small values of time a Nt
relationship would seem most realistic for total elimination as
for diving (see section 1.64). On the other hand, the reverse order
to that of Jones avoids any ambiguity however the values are
interpreted.
3 If diffusion is rate-contributing, the solutions to all bulk
diffusion equations (fig 3) are series in which the first time
constant (k1) is the smallest.

A comparison of Jones' values for different gases 1s made by
both methods of enumeration in table 30,

ANALYSTS OF INERT GAS ELIMINATION FROM MAN

ANALYSIS OF TNERT GAS ELIMINATION FROM MAN
(Data from Jones, 1951)

Gas Jones' method of enumeration Time corstents in order of extraction

ky k, ks k, kg Ky k, ks k) kg
N, 0.46/0.087%]0.024%| 0.004L7**" 0.0047%*%0.024" 0.087* 0.6 | -

Xe 0.35[0.087 10.024 |0.0038 pP.0008[l0.0008 [0.0038{0.02; |0.087 0.35
He 0.56/0.08l " |0.02lt] - - flo.o2n™[o.08l 050t - |
Ratio(Ny/Xe)| 1.32|/1.00 [1.00 |1.24 - 5.87 6.32 |3.62 |5.29]| -
Ratio(He/Nz) 1.09/0.97 [1.00 - - 511 3:50 5.T4 - -




.u.

iven hv Rehnlkae (

or 1061) arete
gven_.pury_ennko oty —ane.s

*0.019 min~}
+0.085 min~!

++Average values quoted by Jones.

According to a circulation-limiting system, each time constant
(k) is equal to (s.B), where B is the blood perfusion rate and s
is the blood:tissue partition coefficient. Hence, if perfusion is
rate-limiting the ratio of corresponding k values for Kr/N2 or
N2/He should lie within the range 1 - 1.5 depending upon lipid

content since sKr > BN2 > sHe

On the other hand, if diffusion were rate-limiting similar k
values should be inversely proportional to diffusion coefficients
and solubilities. Thus one would anticipate the ratio of k values
for N2/He or Kr/N2 to be within the range 3.5 - 6 depending upon the
lipid content of the particular tissue.

It can thus be seen from table 30 that Jones' method of
enuneration would indicate blood perfusion as the rate-limiting
process while the reverse order would suggest diffusion. Wwhile
the writer feels that the latter order of enumeration is more
realistic for the reasons listed above, it would seem fair to claim

that Jones' data does not exclude diffusion from being rate-limiting.
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Elimination with exercise

The real problem is one of identifying time constants, or
combinations thereof, with a particular tissue type. Towards
this end Jones (1951) has measured nitrogen washout for various
exercise levels. It would seem most significant that none of the
time constants vary by a factor greater than 2 when the subject
changes from rest to pedalling a bicycle. The blood flow in
muscle should increase at least 10 - 20 times, in which case at
least one of the time constants should be reduced by a similar
factor if circulation were rate-controlling.

However the proponents of a perfusion-limited uptake explain
this apparent anomaly by postulating parallel arterio-venous
pathways.

The general tendency for time constante to increase with the
extent of physical activity may he attributed to either increasedp
circulation in the case of the perfusion model or to the geometric
changes associated with increased vasodilatation for the diffusion
model. This is just one of many facets of the controversy which
can be interpreted equally well by both models and so offers no
scope for comparison. Hence the ensuing discussion will be
restricted to the few sets of data which appear to afford some
scope for differentiation.

Arterio-venous measurements
Diffusion and blood perfusion are mass transfer resistances in

series. Hence a very direct means of deciding which predominates
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should bhe afforded by measuring the tension at the
them i.e. in the capillary wall. The latter represents an impossible
task but the venous tension may be regarded as the best attainable
approximation. Should it approach closer to the arterial than the
average tissue tension then this would be a good indication that
diffusion was rate-limiting - otherwise it must be perfusion
controlling.

Unfortunately no set of results could be found in which arterial
venous and average tissue tensions had all been measured directly
with increasing time. Most tissue tensions have been estimated by
arterio-venous difference, using an integrated form of equation 18,
However, after estimating s, there are still two unknowns - B
and pnq in the mass balance equation, often with no convenient
alternative means of measuring B. Thus Kety and Schmidt (1945)
assume pq = Py in deriving values for B in brain for interpretation
of their data upon inhaled N20. Taking values for cerebral blood
flow determired by a less acceptable method they obtain values of g
wvhich seem reasonable.

However, in addition to calculating cerebral blood flow (B)
by the mass balance equation (18), they quote simultaneously derived
values of the time constant (k) for the exponential decay of (pA-pv).
To be consistent with a perfusion-controlling mechanism, B musgt

equal (k/s) (equation 19).
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Comparison of cerebral blood flows determined by different methods
(data from Kety and Schmidt, 1945).

B - Cerebral Blood Flow (c.c./gm. tissue. mine)
k <]
(I) k/s (perfusion| (II) by mass | (III) by direct
controlling) balance measurement
0.182 1.3 0.24 0.36 0.37
0.198 1.6 0.32 0.35 0.42
0.1C2 1.0 0.10 0.22 0.17
0154 14 0.22 O.42 0.46
0.287 13 0.38 0.62 0.60
0.089 13 0.12 0.30 0.31
0.266 14 0.37 0.36 0.38
0.230 1.5 034 0.66 0.76
0.138 1.2 0.17 0.34 0.32
TABLE 3.

The considerable deviation of values in determination (I), from

those in (III), would imply that the graph of Kety and Schmidt in

which they display a theoretical curve for mean tissue tension almost
coincident with the venous curve creates an impression unduly favoring
perfusion as the rate-limiting process.

From columns I and III, the indication that true blood flow may
be significantly greater than the rate constant, modified by
solubility considerations, 1is another point suggesting that diffusion
cannot be ignored as not rate-contributing.

Kety and Schmidt clalm the agreement between columns II and III
as their main evidence in favour of perfusion as the rate-limiting

step since, in deriving values of B, they assume that Pp = Py after



10 mina. Although corrected in a later peper by Keiy (4960} —they

on account of blood residence time.

Modified methods employing the same basic principle of
estimating mean tissue tension by arterio-venous difference have
been described by many later workers including Lassen and Munck (1954),
Lambertsen (1960) and Sokoloff (1960) using 85kp. Incorporating
these modifications, Lassen and Klee (1965)derive a mean brain
tension whose deviation from that of venous blood exceeds the A-V
difference after 2-3 mins of krypton inhalation. Moreover, their
measurements of Kr85 elimination, immediately succeeding those for
10 mins of uptake, confirm that equilibrium between the measured
venous blood and tissue could not have been obtained in this period.

However Lassen and Klee explain this apparent discrepancy from
a perfusion-limited model by the familiar postulation of parallel
arterio-venous pathways, claiming thsat samples of jugular blood
represent the product of mixed venous returns.

The same argument may be used to interpret the wide discrepancy
between venous values and mean tissue tensions determined by direct

analysis of excised tissue.

Direct tissue analysisg

Campbell and Hill (1933), who cut out the organs of goats
electrocuted before decompression from 3, 4, and 5 atmospheres gauge

pressure of air, obtained the following half saturation times Tor

nitrogen:-



brain -~ I hrs
liver -- 3 hrs

bone marrow -- L hrs

These times are several orders greater than the periods
required for arterial and venous tensions to come within 5% of

each other, e.ge.

about 10 mins. by Kety and Schmidt (1945) for N,0 in brain,

about 5 mins. by Ingvar and Lassen (1962) for Kr in cerebral cortex,
about 14 mins. by Lassen and Munck (1954) for Kr in brain,

about 6 mins. by Pittinger et al (1956) for xenon in brain,

about 5 mins. by Pittinger et al (1956) for 0014 in braine.

While it would seem quite plausible to explain the A-V
tensions by parallel A-V pathways, it is difficult to account for
results of Campbell and Hill on a circulatlion-controlling ﬁodel.
On this basis Jones (1951) admits that their half-times would seem
far too long for such well-perfused organs as brain and liver.

Direct analysis of segments of excised organs, described by
Johnson et al (1952) hae confirmed the heterogeneous assimilation
of deuterated water by heart and liver. 8Such differences were
much reduced in the case of skeletal muscle.

The controversy between perfugion and diffusion as the rate-
limiting process is thus transposed to one of diffusion versus

parallel arterio-venous pathways.
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Parallel arterio-venous vathwavs

While it would seem perfectly reasonable to postulate parallel
arterio-venous pathways in whole organs, the real gquestion arises
when considering one tissue type only, e.ge. skeletal muscle. In
this case the parallel pathways would need to be direct A-V shunte,
although Barlow et al (1959 and 1961) invoke connective tissue as a
source of heterogeneous perfusion.

In summarising the morphological evidence, Barcroft (1963)
states that "most anatomists will deny the existence of A-V
anastomoses in skeletal muscle". However a few authors cleim to
have seen blood short-circuiting, notably Zweifach (1949).

Dieter (1954) found that small plastic spheres (20 microns dia.)
failed to traverse skeletal muscle from arterial to venous sides.
This would indicate that if direct A-V shunts exist then their
diameter, and hence their blood-carrying capacity, must be very
limited.

Flow characteristics

The means of increasing blood flow in skeletal muscle include
decreased stimulation of the sympathetic vasoconstrictor nerves or
greater stimulation via the hypothalamic vasodilator pathway. Since
the latter process has no appreciable effect upon the rates of blood-
tissue exchange of various substances (Hyman et al, 1959), it has been
claimed (Pappenheimer, 1940) that the additional flow is shunted

direct to the venous side, by-passing the capillaries. Thus it would
not have the opportunity of equilibrating with extravascular tissue
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according to the conventional approach of such uptake or elimination
being perfusion controlled.

However the diffusion-limiting theory is equally compatible
with the flow and exchange characteristics if one postulates that
the vasodilator nervous system controls the overall blood flow by
means of the muscular walls of arterioles and other "resistance
vessels" as termed by Mellander (1960). Increased flow per
capillary should not influence a diffusion-limited exchange. On
the other hand, if vasoconstrictor nerves determine vascularity
by means of the "“sphincters", then their stimulation should change
the geometry of the tissue and so decrease exchange by diffusion.

Both diffusion and perfusion models would thus appear to
of fer explanations for simultaneous flow and control observations,
although the writer could not comment upon their relative merits
without going into the wvast llterature in much more detail.

Uptake versus flow

A most relevant experiment has been performed by Renkin (1958)
using hZK and urea for uniform stimulation of the vasoconstrictor
nervous system. His curves of uptake vs. blood flow include the
following features:-

1. For low perfusion rates ( 0.5 ml./100 ml. min), they are
linear, i.e. circulation-limited uptake.

2., For high perfusion rates ( 10 ml./4100 ml. min), the uptake
is within 10% of the asymptote, i.e. largely diffusion-iimited.
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If a similar curve applied to man, it would
to suppose that both perfusion and diffusion represent comparable
resistances for normal blood flow rates in skeletal muscle of
4-7 m1./100 ml. min. - as quoted by Guyton (1963b). With blood
flow increasing 10 - 15 times with muscular activity, the uptake
should be largely diffusion controlled. Bimilar results were
obtained by Renkin and Rosell (192) using radio-active rubidium
in a dog's gracilis muscle. It is unfortunate that both isotopes
used by Renkin have been cations, since it leaves the results open
to possible alternative explanation. The writer feels that Renkin's
experiments should be repeated using an inert gas such as 85Kr-
Tentative arrangements have been made to collaborate with a
physiologist experienced in these matters in undertaking the work.
Other comparisons

From the many other facets of this subject, two which offer
some scope for differentiating between the parallel arguments which
can be advanced for perfusion or diffusion as rate-limiting include:-
1. It is difficult to derive a Nt relationship, for small values
of time (t), from any perfusion-controlling model.
2. Clearance of 2“Na from skeletal muscle has been found to be
four times faster (Hyman et al, 1959) when the isotope has been
introduced intra-arterially compared with intramuscular injection.

This is consistent with a diffusion-limiting model in so far as any

solute just acquired from blood should be concentrated close to the
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capillary and therefore more rapidly returned to the blood than
if it were evenly dispersed.
Conclusion

The writer considers that the work of Jones (1951) can be
equally well interpreted upon a diffusion as on a perfusion-
controlling model. The same may be said of the much-quoted work
of Kety and Schmidt (19%45). The other points discussed would
indicate that neither process may be ignored and that the relative
resistances derived in section 5.4 according to the model advanced
in fig. 5 would seem realistic.

The whole guestion would seem to rise or fall upon the values
one takes for the diffusion coefficients of cellular and extra-
cellular material. If the values for cytoplasm are really of the
order determined by true transient methods by Harris and Burn (499),
Fenichel and Horowitz (1963), Dick (1959) and the writer (section 5el4)
then diffusional resistances are appreciably greater than indicated
by Forster (19.4). Hence there would be no Justification for the
popular practice of ignoring them in calculating decompression
tables or determining regional blood perfusion rates by clearance

methods.

For the particular geometry of the worst possible case (fig. 7),
the diffusion coefficients would be such as to pernit circulation
to be ignored, i.e. the bulk diffusion model advocated in fig. 8

for diving onlye.



PEND IV

TRANSIENT UPTAKE BY THE LINEAR COMPARTMENTAL MODEL

In the equivalent linear model shown in fig. 5, let the

resistances to mass transfer be:-

ni from external to extracellular fluid.

N from extracellular fluid to the 1St root compartment.
1

ﬂz from extracellular fluid to the 2nd

while the gas capacities per unit tension are:-
C for the 1St root compartment
1

C2 for the 2nd root compartment

Ci for the compartment including extracellular and the

higher roots of cellular material.

root compartment.

The rates of transfer to the compartments, q (t), qz(t), a(t)
1

are given by:-
q,(t) = a (py(t)-p (t))
a,(t) = a_(py(t)-p (1))
a(t) = 9 (py(t)-py(t))

The transient mass balances for each compartment give:~-
a,(t) = ¢ (a (t)/ot)
a,(t) = ¢_(op_(t)/0t)
a(t) - q (t) - g () = C;(apy(t)/at)

Eliminating q1(t) from equations 401 and LOL,
(op (t)/at) = (a./C )(py(t)-p (£)) =k (py(t)-p (t))

(4o1)
(402)
(403)

(uoy)
(LO5)
(406)

(407)
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Eliminating q (t) from equations LO2 and LOS5,
(op (t)/0t) = (a,/C ) (p;(t)-p (£)) =k (p;(t)-p_(t)) (408)

Eliminating q(t) from equations 403 and 406,
(q1(t)+q2(t))/C.1+(api(t)/at)=(ni/01)(pA(t)-pi(t))=k1(pA(t)-pi(t))

Substituting for q1(t) and qz(t) in the above expression according
to equations LO7 and 408,

ki (py(t)-pi(t)) = (apy(t)/at) + g (ep (t)/at) + p (op (t)/at) (409)
since p1 = Ei and pz = gf

Taking Laplace transforms:
equation 4O7 becomes: sP1(s) = k1(Pi(s)-P1(s)) (410)
equation LO8 becomes: st(s) = kz(Pi(s)-Pz(s)) (u11)

equation LO9 becomes: ki(EA(s)-Pi(s))=sPi(s) + ﬁ1sP1(s) + ﬁzsPa(s)

(412)
'[pi(t)
P (s) = [p (t)
Py(s) = [py(t)
P,(e) = [p,(t),
and p (0) = p_(0) = p,(0) = p,(0) = 0.

where s is the Laplace operator, and P (s)
1

Eliminating P1(s) and Pz(a) from equations 410-412,
Pi(s)(s+ki) = kiPA(s)-sﬁ1k1Pi(s)/(s+k1)-sﬁzk2Pi(s)/(s+kz).
For a unit step in external or arterial tension from QA(t)

=0 for t €0 to Py(t) =1 for t > O, P,(8) = 1/s, when
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ki(s+k )(B+k )

sPi(s) =
e’+32(k +k_+ky+B k +B K Jre(ksk vigk i k(148 +8,)) +k k K
(u13)
If it is known experimentally that g, and hence pi(t)’ are
the sum of a number of exponential terms, i.e.
pi(t) = A1(1-exp(-%1t)) + A2(1—exp(—%2t)) + A3(1—exp(-%3t))
where A + A + A =1.
1 2 3
Taking Laplace transforms:i-
o0
-st A "A AN
sP(s):/esp(t)dt= 3”3
. A : rm—y cw) (kL)

Hence the experimental and theoretical responses have identical
time constants 1f the denominators of equations 413 and U4ilL4 are
identical, while the intercepts are also identical if the numerators
are likewise. For the analysis of data in figs. 17 and 19, one is
only concerned with time constants, l1.e. identical characteristic
equations for P,(s) in equations 413 and 414, when

3 2
83+8 (k1+k2+ki+ﬁ1k1+ﬁ2ka) + a(kik1+kik2+k1k2(1+ﬂ1+ﬁ2)) + kX ky

# 83482(A+A+N ) + 8B(AN+FANIAND) + AN N o
T 2 3 1 2 2 3 3 1 1 2 3
which holde if:-

k1+k2+ki+ﬁ1k1+ﬁzk2 = %1+X2+%, (415)
k1k1+kikz+k1kz(1+ﬂ1+pz) = ",7‘2‘“7‘2)‘;"‘37‘. (416)
and k k k; = NNN (117)



equation 416 gives:-

T +T +T;(1+8 +8)) A+ N
—_— A2 _
T7T7T
17271 1.2 3

Eliminating denominators according to equation 418,
T2+T1+Ti(1+ﬁ1+ﬁ2) = NN N (419)
Substitution of half-times in equation 415, with similar
elimination of denominators according to eguation 418, gives:~-
T1T2+T1Ti(1+ﬁz)+TzTi(1+ﬁ1) = 0162+6203+0361 (420)

Equations 418-420 thus account for the perturbation terms

arising by virtue of interaction between compartments.



APPENDIX V
AXTAT, DIFFUSION OR CONDUCTION IN A FINITE HOLLOW CYLINDER

Introduction

Axial transfer has been ignored in the cases of radial diffusion
into tissue (section 5.5) and radial conduction in the thermal
analogue (section 6.5). In both cases expressions derived for an
infinite hollow cylinder have been used to interpret data obtained
from annular models of finite length. Moreover, no reference could
be found from which it was possible to determine the errors involved

as functions of the geometric parameters of the various systems.

Diffusion eguation

A transient heat balance at any point in any isotropic medium

gives the distribution of temperature (©) as:-

v =§ (2 (501)
This may be expressed in cylindrical co-ordinates (r,¢, z) as:-
1.9 Q@ L 20
r  ar \F° + a¢= (622 at) (502)
For an annulus there is axial symmetry, such that
2
gag = 0, when equation 502 becomes:-

r or D oz 2

1.2 r,s};a):l g%)_ 95@) (503)
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Before attempting to solve these equations it is necessary

to define the boundary conditions of the system.

Ihe System
For an annulus of internal radius (a), external radius (b) and
length (L), the boundaries may be expressed mathematically as:-

é a <r £b
o £z <L

If the convention is continued of taking the initial tension

or temperature as the datum, then € = 0 for t < O.

Iransient conditions
For both the tissue model and thermal analogue, the ends start

at the same tension or temperature as the outer boundary, the
greatest discrepancies occurring when € = O for t » O for both
r2>2band 0 >z » L.

For such conditions the isotherms must be concave with respect

to the axis for rising temperature throughout the annulus, or

2
-g;%<0 for 'g's>0.

This means that

226 29

(azz L (at
are of opposite sign such that ignoring either term in equation 503
will cause an error in estimating 6 of the same sign. Thus the
maximum error in neglecting axial conduction, i.e. putting (22¢/9z2)
= O.8hould occur when (9&/9t) = O. This means that the error

introduced by neglecting end effects is greatest under steady-state
conditions.
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i.e. €ir < €gg
where €ip and €5 are the relevant errors calculated by steady-

state and transient methods respectively.

Steady-state conditionsg

The most conservative assessment of the model would thus

refer to steady-state conditions, when equation 503 reduces to:-

2
Log ()-8 o (50

Steady-state boundary conditions may be defined as:-

&

Neplect of end effects

Oforr >band 0 »2 » L
®1for r € 8.

Neglecting axial flow, 326/9z2 = O when equation 504 reduces

to:-

L4 r.§§)=0 (505)
from which simple integration gives the radial temperature
distribution as:-

© =0 log (r/v)/log(a/b) (506)

No error can occur at r = a, or r = b since these are defined
boundary conditions, but would probably occur in the region of the
mean temperature (61/2), which should be situated at r = & (ab)
according to equation 506.

Hence, for the purposes of comparing end effects, a discrepancy

(€) will be defined as the percentage deviation of the temperature,
at the geometric mean radius and z = I/2, from that of the equivalent
position in the corresponding hollow cylinder of infinite length.
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i.ee €=100 \ == ) & 100(1-268'/0 ) (507)
N IU1 / 1
where ©' is the true temperature at r = N(ab), z = L/2.
act solution for t finit in
The following solution for equation (504) is given by
Carslaw and Jaeger (1959%) for the boundary conditions as
specified above:-
n=ooF!(mT r/L);(mr 'b/L):l L g!
e =% - ( —=— , 8in (nm z/L). f(z')ILL—.dz'
“\F [ a/1) ; (nor v/1) |

° (508)
where F (x;y) = I (x). K (y) - K (x). I (y)

and F1(x;y) = I1(x). KO(Y) + K1(x). Io(y)

where the Bessel functions Io’ I1, Ko’

with standard notation (Jahnke et al, 1960).

K1 are defined in accordance

Introducing a suitable stepwise function to accommodate dual

temperature conditions at z = 0 and z = L, equation 508 becomes:-

e Eo(£2n+1 ) r/I:l L2n+1)'rr b/Iz] . 8in E(2n+1) z/I]

E(2n+1 ) a/IZl E(2n+1 ) b/I:l (2n+1)

) (509)

where the constant (C) may be eliminated by imposing the boundary

and z = L/2, equation 509 gives

conditions © = @1 for r = a. Hence by determining 6' for r = ¥ (ab)
nﬁm(po .E(znn Yy ab/I]_E(znn)frb/I] ) T
"=\r, [Gnvt)a a/L];[(2net)a v/L]

e ( E(2n+1)1r a/L|; E(2n+1)1r o/L| | . sin[(2n+1)1r/2_l %
n=0 “ (2n+1)w a/L_I E(2n+1 )l b/ILJJ . (2n+1) )

. 81 (2n+1)1r/2j
. (2n+1)

= 100 1-2.

(510)
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However solutions of this equation for (me/L) = 0.05 give
negative values of € for (7 b/L) in the range O.11 to 0.19. This
is illustrated in fig. 45.

Now it is impossible for € to be negative since this would
imply the flow of heat axially in a direction contrary to the
temperature gradiente.

Upon checking the Carslaw and Jaeger equation (508), the
term F1[Kn 7 a/L);(n b/Li] would not seem to correspond to zero
amplitude at 2z =0 and 2z = L, for each term contributing to the
Fourier series. The true solution would therefore need to replace
the above term by FOEZn w a/L);(mar b/Ti], giving a general

expression for © ass:-

oL ot nzoo(FD[E(ZnM ) r/I];JE(2n+1 )T b/I:\}in_E_(ZnH ) z/i]
S " = E[E(znﬂ ) a/I:‘;E(2n+1 ) b/f]_., (2n+1)

) (511)

The writer approached Professor Jaeger who replied (Jaeger, 1965)
stating that there was a printing error in his book and F should
1
read Fo.
Imposing the boundary conditions ® = ® 1in the revised equation
1
(511) for » =a and z = L/2,

, D=e 51q[12n+1)ﬂ/2 c'
5 = ¢ W ~"mmm — = I

Thus with C' = # ‘@1 » and determining @' for r = (ab)

and 2z = L/2, equation (507) gives:-

e =100. [1 - % . 2(0 tow) | (512)



where

F 0! [(2n+1)7 ¥ (ab) /L] s[(2ne1)a b/f_.___“sir[( 2n+t)u/2 |

- N=00
EEO to °:I = ngb(FoLE(zn"'”" a/];];[(2n+1 ) b/IZ]-_] (2n+1)

Determination of € from this equation for w a/L = 0.05 and
7 b/L in the range O - 0.32 gave no negative values as illustrated

in fig.45. Equation (512) may thus be teken as the correct solution
to equation 504.

Practical values
For the thermal analogue (section 6.5),
a = 0.5 ins,.
2b = 5.29 ins.

L 10 ins.

i.ee wa/L = 0,157 and wb/L = 1.66 when equation 512 gives
€ < 0.10%.

Since the transient error should be no greater, there would
seem to be negligible error introduced into the thermal analogue

by neglecting end effects.

)



MAXIMUM ERROR

INTRODUCED _ BY

PERCENTAGE _ERROR (&)

END EFFECTS
for steady state conditions with wa/L=005
ds
FIO
] f
O et |
[*i-ii';l'-ili-- L U b e
O 10 20 30 40 5 60
(20mb/L) ® equation 5|

Fig. 45

e A equation 510
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