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decompression tables (1908) that were generated as a
result, provided the desperately needed turning point in this
disaster-ridden profession.
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I ntroduction

The Earth was probably formed about 4,600 million
years ago by the gravitational coalescence of cold material.
Initially there was a tenuous atmosphere of hydrogen and
helium which waslost because of aweak gravitational field.
The secondary atmosphere was created by the thermal and
radioactive decay of various Earth’s constituents.
Ammonia dissociated into nitrogen and hydrogen and
water vapour into hydrogen and oxygen. However, by far
the greatest source of oxygen was, and still is, from
photosynthesis. There is some evidence to suggest that the
atmospheric concentration of oxygen cannot have changed
for the past 345 million years.

Discovery of oxygen

Oxygen was not discovered until the 18th century,
although its presence in air, as a gas which supported
combustion, was postulated by Boyle and Hooke (1666),
Lower (1669), Mayow (1673) and demonstrated by Joseph
Black (1728-1799) in 1754. He showed that when a
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substance burned it gained weight.2 Boyle and Hooke
demonstrated that respiration kept animals alive. Before
this scientists believed Aristotle’s theory that respiration
cooled the blood.

In 1772 Carl Wilhelm Scheele (a Swedish chemist,
1742-1786) showed that air was a mixture of two gases,
one which he called “fire air” because it supported
combustion and the other “foul air” because it did not.2

Independently, in 1774, Joseph Priestley (1733-1804)
also discovered oxygen by heating red mercuric oxide. He
noted that a candle burned “with a remarkably vigorous
flame”. Priestley wasunsure of what he had discovered but
because he believed in the “ phlogiston theory” he called it
“dephlogisticated air”.

The phlogiston theory had been devised by Johann
Becher in 1669. It stated that during combustion or
respiration a substance was liberated. This substance was
called phlogiston (from Greek, meaning “ burned”) by Georg
Ernest Stahl about 1700.3

In 1774 Priestley discussed his discovery with
Antoine Lavoisier (1743-1794) who immediately
appreciated its significance. In 1781 Lavoisier named
dephlogisticated air “oxygen” (or acid producer) andin 1786
he refuted the phlogiston theory, despite opposition from
Priestley and others.

Thomas Beddoe's publication Considerationson the
Medical use and on the production of Factitious Air
followed Lavoisier's work and was the first publication to
postul ate oxygen's therapeutic role.4

Central Nervous System oxygen toxicity

Soon after the discovery of oxygen, and the
introduction of the combustion theory of respiration, it was
suggested that oxygen might be toxic as an increased
oxygen concentration would induce an increased
respiratory exchange thus accelerating pulmonary
circulation and congesting thelungs. In 1789 Lavoisier and
Seguin challenged this view by stating there would not be
anincreasein the body’s oxidative processes.® However, it
was not until 1849 that the animal data of Regnault and
Reiset showed that there was no evidence of an increasein
oxidative processes due to an increased concentration of
oxygen.6

In 1878 Paul Bert first described the central nervous
systemtoxic effects of hyperbaric oxygenin hisclassicwork
La Pression Barometrique. This book was trandlated into
English in 1943 and reprinted in 1973 by the Undersea
Medical Society.” CNS oxygen toxicity is sometimes
referred to as the “Paul Bert effect”. He showed that
oxygen was toxic to al living matter, insects, arachnids,
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myriapods, molluscs, earthworms, fungi, germinating seeds,
birds and other animals. Among other experiments he
transfused normal animals with blood from those that had
convulsed while breathing oxygen. These animals did not
convulse and so he concluded that the toxic properties of
oxygenweredirect effects. He described thistoxicity as“A
profound modification in the metabolism of tissues”.’

He attempted to determine the most favourable
oxygen partial pressure but concluded that an increase in
oxygen tension above its normal value in ordinary air
seemed to bring no advantage,......\When any difference is
noticeableit isin thefavour of normal air.” Inmany of his
experiments, particularly on larger animals, the tension of
carbon dioxide was not controlled.

Since his experiments, many other investigators,
Lorrain Smith (1899),8 Hill and MacLeod (1903),% Barach
(1926),10 Behnke (1934)1! and Bean and Rottschafer
(1939)12 have shown the toxic properties of an increased
partial pressure of oxygen in various species. Bean and
Rottschafer exposed animalsto hyperbaric oxygen until they
convulsed and then continued the exposure. The animals
repeatedly convulsed until they died.12 Thisis referred to
asthe “Bean Effect”.

Thefirst human exposure to hyperbaric oxygen was
recorded in 1910 by Bornstein. Two men breathed 2.8 bar
oxygen for 30 minutes while Bornstein breathed it for 48
minutes, none showed any ill effects.13 However, in 1912,
Bornstein breathed 2.8 bar oxygen for 51 minutes when he
developed cramps in both hands and legs, signs of oxygen
toxicity. 14

Pulmonary or whole body oxygen toxicity

Pulmonary oxygen toxicity was first described by
Lorrain Smithin 1899 and isoften called the“Lorrain Smith
effect” or chronic oxygen toxicity.8 He had noted the CNS
effects of hyperbaric oxygen and postulated that other
tissues, especially the lungs, would be affected by oxygen.
His experiments on mice and birds showed that 0.42 bar
had no effect but 0.74 bar of oxygen was a pulmonary
irritant after a 4 day exposure. The liver, spleen and
kidneyswere al so affected by prolonged oxygen exposures.
There were intra- and inter-species variations in
susceptibility to pulmonary oxygen toxicity. He showed
that intermittent exposure allowed recovery, so delaying the
development of toxicity.8

In 1926 Barach, using rabbits, investigated the use
of normobaric oxygen for the treatment of pulmonary
tuberculosis. Heconcluded that “the highest concentration
of oxygen compatible with safety should be regarded as 60
per cent.” 10
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CNS oxygen toxicity and diving

Oxygen'suseindivingislimited by itstoxicity. Fear
of its acute toxic effects delayed its use in decompression
and recompression treatment.1®

With the development of the Davis Decompression
Chamber in 1929 and the formation of the Admiralty
Committee on Deep Diving Unit in 1930, the Roya Navy
(RN) began experimenting with oxygen decompression from
60 fsw (18 m) for air divesto 300 fsw (90 m).4 Both animal
and human trials were conducted between 1930 and
1933.16,17 Data from these human oxygen breathing trials
are shownin Table 1.18

Thisresearch stimulated Behnketo begin hisresearch
into the human tolerance to oxygen in 1934.19 Behnke
believed that the toxic effects of oxygen had delayed itsuse
in the treatment of decompression illness, although earlier
workers, Zuntz20 and Hill921 had advocated its use.

Table 2 lists Behnke's oxygen exposure limits
established by his experiments on oxygen toxicity between
1934-1936.18 Thesetime limitswere used both by Behnke
and Shaw1® and by Yarborough and Behnke?2 in the
development of air/oxygen treatment tables for
decompression sicknessand also by Van Der Aue, ten years
|ater, in USN Treatment Tables 1-4.23

In 1941 Case and Haldane reported 8 exposures to
very high pressures of oxygen. Two were to 7 bar for 4
minutes. Both resulted in oxygen toxicity, relieved by
breathing air. The second exposure resulted in a
convulsion, five minutes after coming off oxygen, during
decompression. The other six exposures were to 6.15 bar.
One subject exposed for 4 minutes had no symptoms. The
other subjects were exposed for 5 minutes. One had no
symptomswhilethe other five devel oped symptoms. None
of these subjects convulsed.21,24

In 1942 JBS Haldane, Derrick and Donald
undertook an exposure to 10 bar oxygen for 25-30 seconds
with no signs of toxicity .21

In 1942 Donald was appointed as the Medical
Officer to what became the Admiralty Experimental
Diving Unit, based at the Siebe Gorman factory near
London. He was to develop oxygen tolerance limits for
Royal Navy (RN) divers to enable them to use oxygen
rebreathing sets in combat. This research was a result of
the successful attack by Italian divers, riding on torpedoes
and using oxygen rebreathing sets, on the two battleships,
HMS QUEEN ELIZABETH and HMS VALIANT, inside
Alexandria Harbour, Egypt, in 1941.25

Between 1942 and 1945 Donald conducted 2,000
experimental dives using RN volunteers. Each
experimental diver was monitored closely by 2 attendants.
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TABLE 1

RN DEEPDIVING UNIT DRY CHAMBER
OXYGEN TOLERANCE TRIALS1930-33

Pressure  Subjects Exposure Symptoms
2 bar 12 60 minutes None
3 bar 4 30 minutes None
4 bar 1 13 minutes  Twitching face.
Stopped with
air breathing
4 bar 1 16 minutes  Twitching lips.
Taken off Oo
then convulsed
while breathing air
Table constructed from18
TABLE 2

DRY CHAMBER OXYGEN EXPOSURE LIMITS
(BEHNKE et al.)

Pressure Subjects Time Limit

1 bar 10 4 hours

2 bar 3 3 hours

3 bar 4 3 hours

4 bar 2 <45 minutes
Table constructed from18

Working and non-working dives were conducted in both
“dry” and “wet” environments and at various depths (25-
100 fsw). These experiments produced the most extensive
records of human acute (CNS) toxicity but war time
conditions prevented their publication in full until 1992.26

Presenting symptoms in non-working dives
(underwater) described by Donald are listed in Table 3.27
When convulsions occurred they lasted for, on average, 2
minutes and weresimilar to Grand Mal seizures. Oftenthere
was no warning. The post-ictal stage lasted 15 minutes.
There were no permanent residua. Lip twitching often
progressed to a convulsion. Once this relationship was
established the experiments were stopped when a diver
developed lip twitching. One diver was accidentally kept
on oxygen during and after hisconvulsion, when herestarted
breathing he commenced fitting again within 30 seconds.28

The safe depth limit for oxygen-diving (no
convulsions) was found to be 25 fsw (7.6 m), the
shallowest depth tested, whether the diver was resting or
active29 There was no time limit placed on this exposure
athough the longest exposures had only been for 2 hours.
The exposure limit of the absorbers used by the RN at that



Rubicon Research Repository (http://archive.rubicon-foundation.org)

SPUMS Journal Volume 29 No.3 September 1999

TABLE 3

SYMPTOMSAND SIGNS OF OXYGEN TOX
UNDERWATER IN 388 NON-WORKING DI

Symptoms Number
Lip Twitching 303
Convulsions 46
Vertigo a4
Nausea 43
Respiratory change 19
Other twitching 16
Drowsiness etc 16
Visual disturbance 5
Hallucinations 3
Paraesthesia 2
Total 497
Table constructed from 27

ICITY
VERS

%

61.0%
9.3%
8.9%
8.6%
3.8%
3.2%
3.2%
1.0%
0.6%
0.4%

100.0%

timewas 90 minutes.30 Theresultsof Donald’sexperiments

arelisted in Table 4.

Donald’s conclusions are best expressed in
words: 28

his own

The most important finding in this large series of
exposures was that the symptoms of oxygen poisoning vary
enormously in different people and in the same person
during different exposures. No list of warning signs or
symptoms can be given that would ensure a safe and timely

cessation to the exposure.

.variability of the group isindependent of the depth.”

.itisemphasised that no signs or symptoms can be

given that would ensure a timely cessation of

oxygen

breathing in all cases. The variation of symptoms even in
the same individual, and at times their complete absence
before convulsions, constitute a grave menace to the
independent oxygen-diver. The only possible conclusionis
that such tensions of oxygen should be scrupul ously avoided.

The variation of tolerance between individuals, the
variation of tolerance of each individual, the impair ment of

tolerance with work and underwater, all make di

ving on

pure oxygen below 25 ft of sea water a hazardous gamble.

In 1947 Dr Edgar End began using 3 bar oxygen in

the treatment of decompression sickness in

Illinois

compressed air workers. The treatment tables were short,
being 90-120 minutes long, and were apparently very

successful. His results have not been published.3!
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TABLE 4

SUMMARY OF THE RESULTSFROM DONALD’S
EXPERIMENTS

1 Individual variation of tolerance.

2 Susceptibility increased with depth, in a “wet”
environment (this difference decreased with depth)
and with exercise.

3 Susceptibility varied with water temperature. There
was anincreased susceptibility in water lessthan 9°C
and above 31°C.

4 Convulsions can occur at anytime, frequently
without warning.

5 The 5 epileptics tested did not show any increasein
susceptibility.

6 The depth limit for oxygen diving should be 25 fsw
(7.6 m) asno convulsions occurred at thisdepth. No
time limit was suggested but the longest exposure
was 2 hours.

In 1954 Lanphier developed the USN oxygen
limits.32 These were for exposures of between 25 (7.6 m)
and 40 fsw (12 m). Heignored Donald’'sdataand thelimits
were based on some experimental data, “educated
guessing”, “previous experience” and an arbitrary addition
of 25% which became the “working limit” .33 These limits
were subsequently revised in 1959 for the use with nitrox
mixtures. Lanphier believed that toxicity was seen after a
briefer exposure to anitrox mixture than with an equivalent
pressure of pure oxygen dueto achangein gasdensity.34:35
This was not Donald's opinion.36 In the 1970s the USN
Experimental Diving Unit had atime limit of 4 hours at 20
fsw (7.6 m).

In 1977 Hendricks et al. showed pulmonary
tolerance of an exposure to 2 bar oxygen could be extended
if air breaks were given.3’

In 1993 Harabin and Survanshi analysed all the
available data and showed that for all symptoms of CNS

toxicity 1.3 bar oxygen was the threshold, with the
threshold for convulsions at 1.7 bar.38

Summary

A brief summary of theimportant datesin the use of
oxygen in diving and the studies on oxygen toxicity.

1669 The Phlogiston Theory developed by JJ Becher.
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1733

1742

1743

1772

1774

1777

1781

1786

1789

1794

1796

1804

1878

1880

1886

1897

1899

1906

1912

1917

1926

Joseph Priestley born in Leeds, UK.

Carl Wilhelm Scheele born in Sweden.

A Lavoisier bornin Paris.

Scheele discovered oxygen.

Priestley discovered oxygen which he named
“dephlogisticated air”. Lavoisier met Priestley in
Paris and subsequently repeated Priestley’s
experiments.

Scheele published his research.

Lavoisier named “dephlogisticated air” oxygen.

Scheele died.

Lavoisier and Sequin demonstrated the pulmonary
effects of prolonged use of normobaric oxygen.

Lavoisier guillotined.

Beddes and Watt published a paper on the medical
uses of oxygen.

Priestley died in the USA.

P Bert published “La Pression Barometrique:
Recherches de Physiologie Experimentale”.

Fleuss developed his oxygen rebreather for the use
by miners.

P Bert died.

Zuntz used hyperbaric oxygen in the treatment of
decompression sickness.

J Lorrain Smith published his data on pulmonary
oxygen toxicity.

von Schrotter et al. suggested the use of hyperbaric
oxygen in the treatment of decompression sickness.

Bornstein and Stroink first recorded human
exposure to hyperbaric oxygen.

Karsnew published the animal pathological
histology associated with pulmonary toxicity. He
also showed post mortem data on toxicity in other
organs.

A Barach investigated the use of normobaric
oxygen in the treatment of tuberculosis. He
concluded “...the highest concentration of oxygen
compatiblewith safety should beregarded as 60 %.”

1929

1930

SPUMS Journal Volume 29 No.3 September 1999

Soper calculated that using oxygen during
decompression may halve the time required for
decompression. Davis developed a submersible
decompression chamber.

The 2nd RN Deep Diving Unit formed and started
to use oxygen in decompression from 60 fsw (18 m)
in air dives to 300 fsw (90 m) in the Davis
Submersible Decompression Chamber.

1934-6

1935

1939

1941

Oxygen tolerance experiments by Behnke et al.

Behnke and Shaw investigated the use of hyperbaric
oxygen in the treatment of decompression sickness.

Behnke and Yarborough developed their air/oxygen
treatment tables but these are rejected by the USN.
The “John Bean” effect published.

Italian oxygen divers attack HMS QUEEN
ELIZABETH and HMS VALIANT, in Alexandria
Harbour, Egypt.

1942-45

1947

1954

1977

1992

1993

1994

K Donald’'s experiments on underwater oxygen
tolerance.

Edgar End commenced using 3 bar of oxygen inthe
treatment of caisson workers with decompression
sickness.

Lanphier developed the USN oxygen tolerance
limits. He revised these limitsin 1959 when nitrox
mixtures were used in diving.

Hendrickset al. published their datathat showed that
pulmonary tolerance could be extended by using air
bresks.

A Behnke died.

Harabin’sanalysis of the data published showed that
the threshold for any symptom was 1.3 bar and for
convulsionswas 1.7 bar.

K Donad died.
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