Oxygen and Oxygen toxicity

An overview

Most divers intending to use Nitrox or trimix are aware that Oxygen is harmful at high partial pressure. While it is essential to generate the energy to sustain life too much damages the enzymes that utilise it to generate that energy. Too high an inspired Oxygen partial pressure quite perversely reduces the amount energy from ATP available at the cellular level producing increased concentrations of damaging chemicals which injure the lungs and other organs, particularly the brain;- leading to convulsions, unconsciousness and to death if left untreated. 

Oxygen is good but you can have much of a good thing and to all practical purposes the precise mechanism doesn't really matter. Oxygen is great at normal concentrations and when used on the surface, but watch what happens when you put a smouldering taper or piece of paper into a jar of 100% Oxygen. It bursts in to flame! I dread to think what would happen if 100% Oxygen were fed into a steam engine's firebox! A similar reaction can take place in the human body.

In order to prevent the catastrophic possibility of a grand-mal convulsion in divers underwater due to acute CNS Oxygen toxicity it is generally recommended that a target bottom ppO2 should not exceed 1.4 bar or 1.6 bar during the decompression phase. This is not because these levels are toxic but because there is no guarantee that you will not, inadvertently, exceed your target depth and the magical 1.8 bar at which Oxygen is known to be toxic to the central nervous system in all human subjects.

An introduction to physical chemistry

(Not for the faint hearted!)

Stable elements exist with their electron shells full. The first shell has the capacity to accept two electrons while the second and third can take eight. Helium has the atomic number 2 so is stable and inert chemically with its two electrons filling its only shell. It exists in nature as single atoms; a monatomic gas. The same applies to all the inert "noble gasses" including neon, which has the atomic number 10 while argon has the atomic number 18.  

The simplest element, Hydrogen, normally exists in nature as a dimer molecule, with two atoms chemically liked; H2. This is because, with the atomic number 1, it has only one proton, and one electron, which cannot fill its only shell. Theoretically it could accept an electron to fill the shell but since it is so small, like all fuels, it acts as an electron donor. In solution the resulting proton or Hydrogen ion  H+  is chemically highly active and is the basis of all the corrosive acids.

Nitrogen with the atomic number 7 also exists as a dimer in nature;- N2. Oxygen has the atomic number 8. Again, two atoms of Oxygen pair together as O2, effectively sharing the 12 outer electrons but it is short of four electrons and remains "unstable". Oxygen prefers to exist in combination with other elements as oxides and, like all ash, oxide molecules are extremely stable. For example when one molecule of Oxygen combines with two molecules of Hydrogen it forms two molecules consisting of two atoms of Hydrogen with one of Oxygen with a full compliment of eight electrons in the outer shells. Yes, this Hydrogen oxide is best known as water, which is extremely stable producing very, very few free Hydrogen ions. 



2 x  H2   + O2 
=> 
2 x H2O    <= 
2 x H+ + 2 x OH-
Carbon with the atomic number 6 is a unique element and there is a whole branch of chemistry - organic chemistry - devoted to it. It has four electrons in its outer shell and is not sure whether to be an electron donor or receiver and it can exist in nature in many stable or unstable forms. We only need know that in the presence of sufficient Oxygen it will readily donate these four electrons to two atoms of Oxygen (making up the magic number eight) to form molecules of Carbon Dioxide CO2. (Note IT IS NOT C2O!).

Petrol and all the energy-producing fuels used by the body contain both carbon and Hydrogen together with a number of atoms of Oxygen and these complex hydrocarbons and carbohydrates are also easily oxidised. The Hydrogen atoms combine with Oxygen to form water, the carbon atoms forming Carbon Dioxide.

Oxygen the generator of all the body's energy

As we all know, the chemical reaction involved between any fuel and Oxygen is combustion, or oxidation, which yields considerable energy. This is how the all the energy needed for animal life is obtained. These reactions must be very carefully controlled to prevent the violent reaction that occurs as when Hydrogen or petrol are combined with the freely available Oxygen in air and then ignited. 

These biochemical reactions are controlled in two ways. Firstly the body's fuels are not supplied with Oxygen at the pressure it is found in the atmosphere. Secondly the delivery of, and the mixing of, both fuel and free Oxygen is carefully controlled by a complex system of enzymes in the body's cells which act like the carburettor, accelerator and brake on a car to generate the actual energy molecule adenosine triphosphate.

i) How much Oxygen reaches the body's cells?

Physiologists work in Torr (or mmHg) and 1 atmosphere is 760 mmHg. So the partial pressure of Oxygen in normal breathing air of 0.21 bar is 158.8 mmHg. On inspiration the breathing gas is diluted with saturated water vapour with a partial pressure of 47 mmHg so the Oxygen partial pressure in the bronchi on inspiration is 111 mmHg (0.15 bar). Because air in the lung is affected by dead space when it reaches the alveolus the ppO2 is 105 mmHg (0.14 bar). In the arterial system it is about 97 mmHg (0.13 bar). Across the capillary bed it is considerably further reduced to about 35 mmHg (0.05 bar).

But it does not stop there! In the tissue fluid the partial pressure of Oxygen is further reduced to about 20 mmHg (0.026 bar). The Oxygen then arrives at, and crosses, the cell membrane. In the intracellular fluid the partial pressure of Oxygen is constant at about 10 mmHg (0.013 bar) whereas within the mitochondria, which is where all the energy producing reactions (cellular respiration) takes place it is only in the region of 6 mmHg or 0.008 bar in normal healthy tissues. YES 0.008 bar! Clearly Oxygen is so powerful the body needs it in only very small amounts to generate all the energy it needs. 

If the partial pressure of Oxygen in the tissues varies from this low level the normal chemical reactions producing the body's energy either cease or go out of control. Consequently an hypoxic inspired ppO2 of less than 75 mmHg or 0.1 bar is unable to support life and partial pressures above 1.8 bar are toxic.

ii) Control by enzymes

This is the realm of the biochemist and is extremely complex but suffice it to say that there are many stages in cellular respiration resulting in oxidative phosphorylation and the generation of ATP. This battery of enzymes can be damaged by poisons, temperature and biochemical changes within the cell, such as changes in acidity (H+ concentration). 

Cyanide kills by blocking the mitochondrial enzyme at the very end of this long biochemical chain, which is the only biochemical reaction that uses Oxygen itself. Cyanide poisoning produces a fatal tissue hypoxia through starving it of energy even though Oxygen may be present and freely available in higher than normal quantities.
So how can we explain Oxygen toxicity? Too much Oxygen causes damage to the lungs and mucous membranes after prolonged periods of exposure (whole body or pulmonary toxicity). This can easily be explained as a chronic inflammation, whatever the biochemical mechanism. (Although these are likely to be the same as those producing CNS toxicity and related to the Hydrogen ion). However pulmonary Oxygen toxicity is seldom seen in sport diving so this discussion is limited to the more alarming central nervous system (CNS) toxicity which also occurs when the body gets too much of a good thing. It is easy to speculate that it does not take much to raise the intra-mitochondrial Oxygen partial pressure above the normally low value of 0.008 bar when breathing any enriched Nitrox mix as Oxygen is being supplied to the tissues in quantities far in excess of the body's metabolic needs.  

In general if the inspired partial pressure of Oxygen exceeds 1.8 bar CNS toxicity will eventually be produced in all subjects leading to grand-mal convulsions, which must be avoided in divers at all costs. (see Tolerance chart)

Possible explanations of CNS Oxygen toxicity

1) Build up of toxic chemicals

Most of the enzymes involved in cell respiration (oxidative phosphorylation) have sulphydryl groups, which are very sensitive to Oxygen. If the cellular pp O2 even approaches half a normal atmosphere these enzymes are deactivated by the formation of disulphide bridges and, as with cyanide poisoning, intracellular respiration slows or stops even though more than enough Oxygen is present. Unlike cyanide poisoning, however, CNS Oxygen toxicity is not complete and can rapidly be reversed.

Without intracellular respiration the concentration of harmful chemicals such as lactic acid with its powerful Hydrogen ion (H+) increases, damaging all sensitive tissues including the lungs and brain.

(As a pp O2 of 0.008 bar is not often found in nature outside living tissues I often wonder how evolutionists can explain the development of mitochondria!)

2) Destabilisation of nerve cell membranes

Enzymes located within nerve and muscle cell membranes are responsible for ion transport the most important of which is ATP phosphokinase. The nerve resting potential is generated by the energy dependent active exchange of potassium and sodium ions against an electrical gradient through gated channels. On stimulation by a neurotransmitter such as adrenaline, the nerve action potential is generated by a sudden opening of these gates and the reversal of polarity for a very short period.

Clearly damage to these intracellular enzymes leaves the nerve fibres no longer able to generate a stable "resting potential". In addition the complex mechanisms normally keeping the various gates closed is also damaged. So the leaky membranes tend to cause the nerves of the brain to fire off at-will rather than when instructed to do so, causing an electrical storm, a grand-mal convulsion.  

The warning features of Oxygen toxicity, such as facial muscle twitching, represent a generalised instability of all nerve (and muscle) cell membranes; just waiting for that one nerve cell in the brain to fire off and act as a trigger for all the rest. 

3) Reduction in stabilising neurotransmitters.

Gamaaminobutryric acid (GABA) is an inhibitor within the brain and acts against the stimulants such as adrenaline, noradrenaline, serotonin and dare I say it amphetamine!! 

It seems that the enzymes responsible for the production of GABA are damaged by high levels of Oxygen much more than those producing the stimulant neurotransmitters leading to a generalised excitability.

4) The carbaminohaemoglobin buffer and raised CO2
Excess Carbon Dioxide is harmful because in solution it produces carbonic acidic, a source of those extremely harmful Hydrogen ions; 

H20 + CO2  
( 
H2C03    (    H+  +  HC03-
In order to prevent this, most of the CO2 in the blood is normally mopped up by the haemoglobin in venous blood to form inert carbaminohaemoglobin. 

When the equivalent of 100% Oxygen or more is breathed, little haemoglobin is involved in Oxygen transport as enough is directly transported to the tissues in simple solution so the haemoglobin remains almost wholly saturated with Oxygen in the returning venous blood. As the Oxygen permanently, and preferentially, occupies the available sites on the haemoglobin molecule they are no longer free to mop up "acidic" CO2 molecules but enough normally do remain to do the job. In the presence of an inspired PO2 over 3 bar, however, the haemoglobin remains 100% saturated with Oxygen, the carbaminohaemoglobin buffer is completely deactivated leading to a subsequent rise in acidity in the blood and brain which may be sufficient to trigger the ensuing fit in an already sensitised brain. This becomes particularly apparent when the inspired pp CO2 exceeds 0.06 bar (6% at surface pressure).

As an aside, the carbaminohaemoglobin buffer is normally involved in respiratory control but this mechanism is destroyed by prolonged exposures to high Oxygen or Carbon Dioxide partial pressures. This is why experienced (free) divers are able to breath-hold for much longer than normal subjects.

It is obvious that excessive work and breath holding predispose to fits by increasing the partial pressure of CO2 while hyperventilation is protective because it reduces it.

5) Stress

Stress, cold and subsequent adrenaline release predisposes to fits, a warm relaxed diving environment lessens the likelihood of fits.

The Oxygen-off effect
CNS Oxygen toxicity may develop producing convulsions after a period of hyperbaric exposure shortly after the inspired Oxygen concentration has been reduced. This is usually seen in chambers during air breaks. 

The Oxygen-off effect is thought to be due to a sudden drop in ppO2 reaching a brain already experiencing persistent hyperoxia-induced cerebral vasoconstriction (reduced blood flow), which leads to further tissue hypoxia in an already sensitised brain. 

Its effects are reversed by a return to the earlier higher Oxygen concentration!

Treatment
I quote from Edmunds*.

"Treatment of acute CNS Oxygen toxicity is the management of a grand mal convulsion. The initial aim is basically to avoid physical trauma associated with the convulsion. A padded tongue depressor to prevent tongue biting may be useful in a chamber.

In the water the diver should be brought to the surface only after the tonic phase of the convulsion has ceased . . . 

(I must point out that the tonic phase is the early rigid phase, which lasts less than a minute and may, only may, be associated with a closed glottis thus risking the development of pulmonary barotrauma on ascent, unlike the jerking clonic phase, where it is unlikely that the glottic muscles are in continuous spasm.)

. . . If it is against the interests of the patient to ascend, it is usually a simple matter to reduce the Oxygen in his breathing mixture.

Diazepam is also very effective." 

Should Nitrox divers carry Stesolid tubes with their Oxygen kit?

Because the enzymatic mechanisms of respiration still require Oxygen it makes little sense to reduce the inspired Oxygen to well below 1 bar following a fit induced by Oxygen toxicity. This will only serve to generate further tissue hypoxia, as in the "Oxygen off effect" and actually make matters worse.

My recommendation is therefore

On surfacing 100% Oxygen must be administered to all casualties who have
suffered diving related injuries, however trivial those injuries may initially appear, and even if those injuries are believed to have their origins in CNS Oxygen toxicity.

© PD Thomas 12/01
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AM and his buddy, military divers, were practising night-time underwater ship attack
using closed circuit 100% oxygen rebreathing sets. While approaching the ship, they
exceeded the maximum safe depth to avoid being spotted by lights, and had to ascend
to the ship’s hull (depth 9 metres). While escaping from the ship, AM had difficulty in
freeing his depth gauge and, when he finally did examine it, d1§covered he was at 19
metres. He started to ascend and remembers ‘2-3 jerkings’ of his body prior to losing
consciousness. The buddy diver noted that AM ‘stiffened’ as he lost consciousness and
then started convulsing, which continued while being brought to the §urfacq. T.otal
time of dive was 28 minutes. At the surface, he was pale with spasmodic respirations
and the lug on the mouth piece had been chewed off. Artificial respiration was
administered. AM was incoherent for 20 minutes and vomited once. A headache and
unsteadiness in walking persisted for several hours after the incident. An electroence-
phalogram 3 days later was normal. (The buddy diver was exhausted on surfacing, felt
nauseated and was unable to climb into the boat, but recovered quickly.)

Diagnosis: central nervous system oxygen toxicity.

CASE REPORT 18.3

TL was using a semi-closed circuit rebreathing apparatus rigged for 60% nitrogen.
After 17 minutes at 22 metres, he suddenly noted a ringing noise in his head. He
flushed through his set, thinking his symptoms were due to carbon dioxide toxicity.
He then noted that his surroundings were brighter than usual, and decided to surface.

On surfacing he was noted to be conscious but pale and panting heavily. He moved
his mouth piece and while being brought on board ‘went into a convulsion, where his
whole face changed shape, his eyes rolled up into his head, his face turned a dark
colour and his body began to cramp’. He recovered within 34 minutes and 30 minutes
later there was no abnormality on clinical examination.

Equipment examination revealed that the emergency oxygen cylinder was nearly
empty, i.e. that he had used 64 litres of 100% oxygen in addition to approximately the
same amount of 60% oxygen. The oxygen in his breathing bag would therefore have
approximated 80% and the inspired oxygen tension 2.4 ATA. The carbon dioxidé
absorbent was normal. .

Diagnosis: central nervous system oxygen toxicity.
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Figure 18.1 Predicted human pulmonary and central nervous system tole-
rance to high pressure oxveen




