OXYGEN TOXIA TY
Dr John Kni ght

Ceneral Effects of Hyperbaric Oxygen

If the arterial partial pressure of oxygen is raised to over 2.25 ATA there is
sufficient oxygen dissolved in the plasma to supply the body's needs. So a person
can be kept alive even if his haenpoglobin is useless. This effect is nade use of
intreating carbon nonoxi de poi soning wi th hyperbaric oxygen. At the same tine the
partial pressure of oxygen throughout the body will be rai sed wel |l above normal, which
is used clinically in the treatnent of gas gangrene.

However high partial pressures of oxygen have their inevitable effects. Above 2.25
ATA t he haenogl obi n renai ns ful |l y saturat ed so carbon di oxi de transport isinterfered
with. Thereis vasoconstriction and danmage to vari ous organs and enzynes. The organs
t hat have been shown to be adversely effected by rai sed oxygen partial pressures
i ncl ude the central nervous system the | ungs, the eye, the bone marrow, the ki dneys,
the gonads and the liver. | wll mainly be discussing the effects of oxygen on the
central nervous system and the |ungs.

Ti ssue Effects of Hyperbaric Oxygen

Li f e devel oped when t he at nosphere contained little or no oxygen but pl enty of carbon
di oxi de and water. Oxygen release into the atnosphere started as a result of
phot osynt hesis. Enzyne systens devel oped and are now adapted to work at 0.21 ATA
oxygen. It is not surprisingthat we get troubl e when we expose these enzyne syst ens
t o hi gher pressures of oxygen. Oxygenis known to be biochem cally toxic at a nunber
of sites. Some of these are sul phydryl enzynes; thio containing co-enzynes, such
as lipoic acid, co-enzyne A and reduced gl utathione (GSH); flavoprotein enzynes,
particul arly t hose cont ai ni ng non- haemi ron and sul phydryl groups; enzymes requiring
pyri doxal phosphate as a co-enzyne (of particular interest here is glutanmic acid
decar boxyl ase (GAD) which forns ganmma-ami no butyric acid (GABA) in the nervous
systenm); and lipids undergo peroxidation. Possi bl e nechani sns involved in the
i nactivation of enzymes by oxygen are; firstly an enzyne with two SH groups coul d
have t hembot h oxi di sed to forma di sul phide |inkage, this nay be the nechani smfor
the inactivation of dyceral dehyde phosphate dehydogenase (GAPD); secondly, an
enzyne with a single SHgroup coul d react wi th another enzyne nol ecul e al so carrying
a single SH group but this reaction is not as likely as the third reaction which
represents the prior oxidation of non-protein cellular conpound such as gl ut at hi one,
foll owed by m xed di suphi de formation. This |last reactionis reversible andis also
the reaction by which oxidi sed SH enzynes can be reactivated, by a substance such
as reduced gl utathione (CSH).

There are two possible ways that sul phydryl groups can be oxidi sed. I ncreased
concentrations of oxygen may drive, by mass action, reactions such as the oxi dation
of glutathione towards the right. An alternative is that free radicals are formed
during hyperbaric oxygenation and that these inactivate the sul phydryl groups by
form ng disul phide |inkages and wat er

Car bohydr at e nmechani sns are susceptible to the toxic effects of oxygen in at | east
five places.

1. In glycolysis, glyderaldehyde phosphate dehydrogenase is quite easily
inactivated. |t can be reactivated by incubation with an SH donati ng agent.
2. The next step that has been found to be inactivated by oxygen is the oxidation

of pyruvate, and this may invol ve the oxidation of either |ipoic acid or co-enzyne
A



3. Inthe tricarboxylic acid cycle several dehydrogenases contai n SH groups whi ch
have been denonstrated, in vitro, to be inactivated by oxygen

4. In the respiratory chain there are a nunber of flavoprotein enzynes that are
exceptionally vul nerable to oxygen toxicity.

5. Fi nal I y oxi dati ve phosphoryl ation, the formati on of ATP linked to the reactions
of the respiratory chain, is also vul nerable to oxygen as it depends on t he presence
of free SH groups.

Not all enzyne systens are oxygen sensitive, sone are oxygen resistant such as the
gas concentrating nechani smof the sw nbl adder of fish. Below 100 netres (11ATA)
swi bl adder gas i s 85-95%oxygen. The sw nbl adder P O2 can be approxi mated to 0. 09
x depth in nmetres, which gives pressures of 100 to 200 ATA in sone species. It is
t hought that the | ow tenperature at which deep sea fish exist (less than 5°C) may
protect agai nst oxygen toxicity as may pressure itself by preventing any oxidation
in which water is an end product.

Ceneral forns of Oxygen Toxicity

The two maj or forns of oxygen toxicity were both descri bed nmany years ago. In three
years tine it will be 100 years since Paul Bert described convulsions in aninmals
exposed to high pressures of oxygen. Twenty years later in 1899 J Lorraine Smith
described the other inportant effect of breathing increased partial pressures of
oxygen. This cane on at | ower pressures and was the inevitable result of breathing
oxygen at nore than 0.5 ATA. This formof oxygen toxicity affects the |ungs | eadi ng
through a sequence of sore chest, a decreased vital capacity, cough, increased
respiratory rate and eventually to respiratory failure and death. That is of course
in animals as experinmental hunmans are not usually exposed | ong enough to devel op
respiratory failure. If an aninmal is exposed to high oxygen pressures and convul ses
to death it does not live long enough to devel op the toxic changes in the |ungs.

Oxygen toxicity can creep up on us conpl etel y unexpectedly. Thereis adi sease cal |l ed
retrolental fibroplasia which causes blindness in babies. |t occurs occasionally
and the pathology is a growth of fine blood vessels into the vitreous hunour of the
eye, whichis normally w thout bl ood vessel s, andthen cellular infiltration bl ocking
light fromreaching the retina. About 25 years ago there was a sudden epi deni c of
retrolental fibroplasia in premature infants. After a fewyears it was worked out
that this was due to the apparently commendabl e practice of giving extra oxygen to
all premature babies as they lay in their humidicribs. Stopping the oxygen stopped
t he epi deni c, al though sporadic cases still occur. That was oxygen at |less than 1
ATA.

Oxygen at 3 ATAis toxic to the eye and t hree hours exposure has led to a symetri cal
contraction of the visual fields. Vision remained but had been reduced to a cone
of 10° and the normal field is a cone varyi ng between 60° and 80°. The subjects in
this experiment retained their limted vision until they went unconscious fromthe
other central nervous systemeffects of oxygen. Wthin an hour of being returned
to sea level their vision had been fully restored. But another nman was not so
fortunate. He had had eye synptons, due to retrobul bar neuritis, sone tine previous
to his exposure to oxygen at 2 ATA. By the end of two hours he had devel oped al nost
conpl ete | oss of visioninthe eyethat had been af fected before. He had been exposed
to | ess oxygen than nopst patients having hyperbaric oxygen therapy. He was nost
unl ucky and was left with a permanent visual defect in the niddle of the field of
the affected eye.



Even i f we keep t he oxygen partial pressure down bel ow 0.5 ATA we can cause t he body
trouble if thereis no other gas present. Genini 4, 5 and 7 were space flights where
t he oxygen pressure was below 0.5 ATA and above 0.21 ATA. There was no ot her gas
present in the space craft. The crews all suffered froma | arge decrease in the red
bl ood cell mass. There was a sinmilar but smaller decrease in red blood cell nass
inthe crewof Apollo 9 but no change occurred in the crews of Apollo 7 and 8. The
di fference was that the Apoll o missions started with 0.6 ATAof nitrogeninthe cabin
at nosphere. Apollo 7 and 8 retained this nitrogen for the whole trip but Apollo 9
was depressurised in flight for a space wal k and repressuri sed with oxygen only. So
the crew was exposed to 6 days of pure oxygen.

Central Nervous System Oxygen Toxicity

We know t hat hi gh oxygen partial pressures decrease GABA | evel s in the brain, that
t he decrease precedes the convul sions, and is reversible, the decrease is specific
for GABA anpng anmino acids. Susceptibility to convulsions correlates with the rate
of GABA decrease for different species, for different pressures and for different
car bon di oxi de concentrations. The same oxygen pressure that produces convul si ons
decreases GABA. And GABA given intraperitoneal ly protects sonme ani mal s fromoxygen
convul si ons.

GABA oxygl utari c transani nase, the enzyne that destroys GABAis nornally only found
inthe mtochondria. dutam c acid decarboxyl ase, the GABA formning enzyne i s found
normally in the nerve endings astride the mtochondria. GABA levels are nornally
determi ned by the GAD activity rather thanthe ABA-T activity. Menbrane perneability
probably plays a major role in the control of GABA | evel s by keepi ng GABA away from
GABA-T. Extracellular GABA is involved in the inhibition or nodul ati on of nerve
transm ssion. The reductions in brain GABA, i nduced by hi gh oxygen partial pressure,

coul d be brought about by any one of the foll owi ng nechani sns.

1. I nhibition of glutanmi c acid decarboxyl ase
2. Activation of GABA oxyglutaric transani nase.
3. I ncreased nenbrane perneability which would all ow GABA nore rapid

access to GABA-T.

There i s good evidence that gl utani c acid decarboxyl ase i s inhibited by hi gh oxygen
pressures and t hat i ncreased cat abol i smby GABA oxygl utari c t ransani mase al so occurs,
which is thought to be due to greater perneability of the nenbranes to GABA

GABA is an inhibitory transmitter in the central nervous systemand it is assumed
that the oxygen induced decrease of GABA reduces CNS inhibition so allow ng the
i ncoordi nate actions that |ead to convul sions.

For the diver the npst inmportant formof oxygen toxicity is the acute nervous system
ef fect as this can | ead, w thout warning, to convul sions and if you have a convul si on
underwater and |ose your breathing apparatus you drown. It is also highly
i nconveni ent for a patient to have a convulsion in the confined space of a single
man hyperbaric chanber.

The t oxi c effects of hi gh oxygen pressure onthe central nervous systemcan be | i kened
to acut e poi soning. The victi msuffers cerebral changes, twi tches, inco-ordination
and convul sions. The synptons often occur i nmedi ately after the oxygen pressure has
been reduced and before the arterial partial pressure has had time to drop. [|n one
series 40% of convul sions occurred during deconpression. W know that there is an



extreme variation of tolerance to oxygen not only between individuals but also for
the sane individual on different days. The tinme of exposure before the onset of
synptons i s decreased as the pressure is increased. Synptons occur sooner with nen
inwater than with men in a dry chanber. Wrk greatly reduces the tol erance to high
oxygen pressures. Both these effects are probably due toincreased P CQ2, the result
of the inability of the standard oxygen diving set to absorb conpl etely hi gh carbon
di oxi de out puts.

I n one experinment firenen, who m ght have had to fight fires in pressurised tunnels,
were exercised wearing oxygen sets in a pressure chanber at the RN Physi ol ogi ca
Laboratory at pressures equival ent to depths of 20- 47 feet of seawater. They were
wearing 57.5 | b of equi pnent and were exercised for 40 m nutes, 2 minutes work and
one mnute rest, at arate that |eft themal nost exhausted. They had approxi nately
87%oxygen i n t he breat hi ng bag. There were no si gns or synptons i nthese nen wor ki ng
hard at pressures equivalent to 20 to 23 feet of seawater. The first signs of oxygen
toxicity that occurred were fasiculations and snmall tw tches of the facial nuscles
(described as "the lips"). After 29 feet, which is just below two atnospheres,
approxi mately 50%of the nmen had "the |ips". They were not usually noticed by the
subj ect, appeared during rest periods and di sappeared during exercise. There was
no troubl e keeping the nout hpi ece in place. These were the ninor synptons.

Young defined nmajor synptons as those that endanger a man under pressure, severe
nausea, dizziness, |ight-headedness, confusion, euphoria and convul sions. One man
convul sed during exercise and one during deconpression. These serious synptons
started at 35 feet, just over 2 ATA, and becane nore frequent after 41 feet. The
signs that these nen had intensified during deconpression while they were stil
br eat hi ng oxygen. 14%of the signs started during deconpression, usually within 5
seconds of starting deconpression and always within 10 m nutes. They di m ni shed
rapi dly during deconpression and were gone by surfacing.

In the Navy oxygen sets are linmted to a depth of 25 feet, a total pressure of 1.75

ATA, which has been shown to be safe for
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Patients in hyperbaric chanbers are usual ly exposed to pressures of 2.25t0 2.5 ATA
for periods of not nore than two hours which gives themall the advantages of, and
as few of the disadvantages of, hyperbaric oxygen treatnent. They are in the safe
zone. Safe fromcentral nervous systemtoxicity, unless they are very intol erant



of oxygen, and safe fromthe pul nonary effects while their bodi es are bei ng drenched
in oxygen. They are at rest which reduces the chances of CNS synptons.

Di vers being treated for deconpressi on si ckness are usual | y gi ven oxygen at 60 feet,

2.8 ATA, and oxygen breathing is interrupted every 20 mnutes by 5 minutes air
breat hi ng, which retards the onset of oxygen toxicity and also all ows the patient

todrink if he wants to. He doesn't always want to, as nausea and vonmiting are sone
of the earliest synptons of oxygentoxicity. My authority for this statement i s Geoff

Macf arl ane, who has had consi derabl e experience treating di vers who have devel oped
deconpressi on sickness in Bass Strait. Even with air breathing to delay the onset

of toxicity, therapeutic exposureto oxygen at 60 feet, 2.8 ATA, islinmtedto atotal

of 60 minutes, inall 75 mnutes at 60 feet after which the chanber is depressurised
to 30 feet, 1.9 ATA. Again the patient is at rest. Divers who have deconpression
si ckness are exposed to high oxygen levels in an effort to increase the excretion
of inert gases fromtheir bloodintotheir lungs. Sooneiswal kingatightrope between
oxygen toxicity and i nadequat e excreti on of inert gas. This becones quite a problem
after long exposures to high pressures.

Pul nonary Oxygen Toxicity

Di ver s breat hi ng conpressed ai r are breat hi ng nore than 0. 5 ATAbel ow50 feet. However
the effects of nitrogen narcosis will cone on and i ncapacitate theml ong before they
reach 300 feet, the | evel at which the partial pressure of oxygen in conpressed air
is 2 ATA. 2 ATA of oxygen is known to have caused convul sions in divers. Luckily
humans are nore resistant to the pul nonary ef fects of oxygen t han nost experi nent al
animals. A few hours exposure to a rai sed oxygen partial pressure, followed by a
rest period on the surface, does not appear to do any permanent danage. But for
saturation dives it is normal practice to keep the oxygen |levels below 0.5 ATA to
prevent the onset of pul nonary oxygen toxicity.

One situation where non-divers nay devel op pul nonary oxygen toxicity is in being
rescued froma submarine. Australian submarines are fitted with buoyant ascent
equi pnment. The sub has an egress hatch surrounded by a twill trunking conmi ng down
close to the deck. To escape the conpartnent is flooded, conpressing the air init
to the outside pressure when it is possible to open the hatch. The twill trunking
prevents the air fromwhooshing out of the line hatch. Each man in turn di ps under
the trunking, inflates hislife jacket, andis borneirresistibly upwards. Over his
head is a plastic hood, open at the bottomto vent excess gas, which allows himto
breathe nornmally on the way up. Such ascents have been nmade by the RN fromas deep
as 300 feet. But the escapees are exposed to the risks of deconpression sickness
and of being | ost when they surface. Another approach is that used by the USN and
t he Swedi sh Navy. They have built and are bui | di ng underwat er rescue vessel s desi ghed
to mate with a hatch on the stricken sub and transfer the crew at failure. So we
are forced back to the ani mal nodel and the nearest aninmal to humans that has been
wel I docunented histologically is the nonkey (Macaca Mul atta).

Many reports of patchy col |l apse as a conplication of breathing pure oxygen 1 ATA have
been published based on postnortem evi dence. However Kapanci and his co-workers
showed t hat thisis apostnortemeffect, andthat if thelungsarefixedintheinflated
positionimediately after deaththereis quiteadifferent picture. It isfromtheir
work that this section of nmy presentation is taken. Their nmonkeys were exposed to
oxygen at 1 ATA for up to 13 days.



Changes in Lung Tissue in Mnkeys

In the nonkey 15% of |lung volune is tissue and the rest is air. After a week of
breat hi ng oxygen there is a vast decrease in normal lung tissue. After twelve days
the ungs have virtually no nornal tissueleft andthe total tissue volune has nearly
doubl ed. Sone nonkeys renoved fromoxygen and al l owed to recover. To get them out
of the oxygen envi ronnent saf el y t hey had t o be weaned by gradual | y reduci ng t he oxygen
partial pressure as rapid reductions made them anoxic. The nonkey which was
sacrificed 56 days after its 7 day exposure recovered so that al nost three-quarters
of its lung was normal tissue but it still had nore lung tissue than the controls.
The nonkey sacrificed 84 days after its 13 day exposure had about 90% of its |ung
ti ssue normal and the septal vol ume was al most back to nornal. Both had patches of
abnormalities scattered haphazardly t hroughout the lung. The abnornalities were of
vari ous grades of disorganisation

Bot h nonkeys and humans have a destructive and exudative phase as the first signs
of pul nonary oxygen toxicity. There was a steady increaseininterstitial thickness
wi th exposure to oxygen. During the first few days this was due to an increase in
interstitial fluidwhichnore than replacedthe volune of the cells destroyed. This
was the early destructive and exuderive phase. |f the nonkey survived this there
was a later proliferative phase in which there was a steady i ncrease in the vol une
of cells and fibres.

After four days the alveolar walls were severely damaged. The al veoli contained
oedena fluid and cel lul ar debris and nmacrophages. 90% of the menbranous, type 1
pneumat ocyt es were danmaged. The cells were swoll en and had ruptured nmenbranes and
fragmented cytoplasm Sone were detached fromthe basenent nenbrane which was | eft
bare or covered with fibrin strands. There was a snmall increase in the air-blood
barrier. By seven days the type 1 pneunat ocytes, nornal |y 85%of the al veol ar |i ni ng,
had been al nbst conpletely destroyed. Their replacenent by type 11, granular,
pneunat ocytes t hi ckened the alveolar walls. The epithelial part of the air blood
barrier was now 1.7 mu instead of 0.6 mu in the controls. The endotheliumvaried
in thickness fromregion to region and the interstitumwas filled with fibrobl asts
and | eucocytes. About this stage many of t he nonkeys died fromrespiratory failure.

At 12 days the alveoli were lined by cuboidal, type 11, cells. The al veol ar spaces
were decreased by increase in volune of the septa which were thickened by many
fibroblasts and inflanmatory cells as well as by the thicker epithelial cells. The
air blood barrier was over three tines as thick as in the control aninals.

Fol | owi ng exposure to oxygenthereis alargeincreaseinthevolune of the epithelium
conpl ete destricution of the type |, nenbranous, pneunatocytes and overgrow h of the
type ll, granul ar, pneunatocytes. |nthose animals that survived exposure the nornal

proportion of epithelial cell types was not restored even after nany weeks.

To recap. The nmain changes in nonkey's lungs are a large increase in epithelia
thickness, a lesser increase in interstitial thickness and little change in
endot hel i al thickness. The process can be divided into an early destructive and
exudati ve phase, peaking at about 4 days, and a |later proliferative phase.

Speci es differences exist in response to the sane exposures. The rate doubles the

t hi ckness of his blood air barrier in three days while the nonkey in the same tine
has no significant change.
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Hunan Synpt ons and Signs

Now to | eave the animal world and conme to humans. C ark and Lanbertsen reported the
synptons that were conpl ai ned of by peopl e exposed to oxygen at 2 ATA. The synpt ons
started with nild carinal irritation on deep inspiration, went on to occasiona
coughing, then pain on inspiration, then frequent coughing, intense carina
irritation, uncontroll abl e coughing, severe pain on inspiration and then dyspnoea.
The decrease in vital capacity was correlated with the synptons but came on before
t he subj ect conplained. Cark and Lanmbertsen chose the decrease in vital capacity
because it was sonet hi ng t hat t hey coul d neasur e, whereas synptons are very di fficult
to nmeasure. It would be very nice to have this early evidence of oxygen toxicity
when treating patients in a reconpression chanber. But there are problens. Water
spironeters are excellent until the pressure is reduced and the air in themexpands
and water goes everywhere. El ectrically driven portable spironmeters |ike the
Vi t al ograph cannot be used in pressure chanbers if you do not want to risk a fire
as it is inadvisable to take electric nmotors into high oxygen environnents. There
is a nmechanically driven recorder on the market but it is nmade by the Japanese for
t he Japanese and has a maxi nrumof 4.5 litres which is not |arge enough to cope with
t he average Australian diver. Vane spironmeters, such as the Wi ght Respironmeter and
the Drager Voluneter, are affected by the increased density of the conpressed gas
and the rate of flow past the vanes.

The vital capacity decreases and other oxygen toxicity effects do not clear up
i medi ately. The vital capacity changes in three individual s who had been breat hi ng
oxygen at 2 ATAwere all different. Al subjects had a continuing decrease in vital
capacity in the first four hours post-oxygen when they were breathing air. The nan
with the | east decrease in vital capacity had returned to a normal vital capacity
by the third day after discontinuing oxygen. The man with the greatest decrease
however had a normal vital capacity by the second day, while the man with the
i nternedi ate decrease took el even days to regain a normal vital capacity. This
enphasi ses the individual variation in susceptibility to oxygen toxicity.

To sum up

Oxygenis not aharmess drugif givenfor | ong periods at norethan 0.5 ATA. Certainly
if given for 24 hours at 0.75 ATA the subject will conplain of chest synptons and
wi Il have suffered a decrease in vital capacity. At higher pressures pul nonary
toxicity cones on quicker and progresses nore rapidly. At pressures above 2 ATA
central nervous systemsynptons and si gns can be expected. Thisis alintationin
hyperbaric therapy. Intreating deconpression sickness in divers who have been deep
and so require a prol onged therapeutic deconpressi on pul nonary oxygen toxicity can
be a complication of great severity preventing the use of raised oxygen partia

pressures. The only way to avoi d oxygentoxicityistokeepwthinthe experinmentally
determined safe lints and even then there can be surprises owing to the great
variations in individual susceptibility.

O yde Caneron, when M nister for Science (Septenber 1975) put the case against il
considered scientific prograns very succinctly. “To repose confidence in crash
prograns in scienceis as realistic as advi sing a wonan t hat she coul d produce a baby
inanonth by putting nine men on the job.” Such renmarks surely require no relating
to diving to be worth repeating!
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Commons’ Speaker: “Rigs are Ships”

The UK House of Commobns was in uproar (28 May 1976) , the votes evenly decided as
to whether G| Rigs were ships, so should be Nationalised, or Gl Rigs. The Speaker
had the casting vote and di sregarded the Governnment’s wi shes by H s deci sion that
such platforns would be i ncluded in the assets that would be Nationalised. He also
voted to ensure that the bill was passed. Everyone bei ng di spl eased, a braw ensued.
As Divers in Australia seemto be governed under the Scaffol ding Acts we can hardly
| augh too | oud.

Graene Henderson, the Perth maritine archaeol ogi st investigating the weck of the
James Matt hew i n Cockburn Sound, has di sproved the cherished mariners’ theory that
if youtickle an octopus it becomes your friend. M Henderson was neasuring tinbers
when a | arge tentacl e grabbed his steel tape neasure. He tried the tickle test, but
t he oct opus nmade a grab for his watch. M Henderson wants to pass on the i nformati on
t hat octopuses are the bowerbirds of the sea.... so avoid swi nmm ng weari ng anyt hi ng
that glitters. (Australian 31 March 1976)
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