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Hyperbaric oxygen therapy: oxygen and bubbles.
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Recompression using oxygen is the accepted treatment for decompression injury. As
early as 1877 Paul Bert stated that recompression using oxygen is the optimal treatment for
decompression problems (2). He also pointed out that this treatment was very effective for
getting rid of the gas from the vascular system but much less effective against paralysis and the
serious types of decompression sickness.

A list of some of the treatments that are used presently is shown in Table 1. They vary
quite significantly both in pressure and in oxygen content, going from 190 kPa (9 msw,30 fsw)
on air to 780 kPa (68 msw, 204 fsw) using nitrox. Treatments to depth of relief or saturation
tables are also used. Even if there is considerable clinical experience with other procedures than
the standard US Navy Table 6 (280 kPa using oxygen), there is really little published data to
support use of the other treatments. However, it is probably true that the available evidence
suggests that treatment at depths shallower than 60 feet runs the risk of failure and that
treatments deeper than 60 feet offers no particular benefit in the majority of cases (23).

Table 1. Treatments Used Today

* 190 kPa Air or O, (In-water recompression)
e 200 kPa O, (Boussuges et al)

e 220 kPa O, (Comex 12)

e 240 kPa O, (@rnhagen)

* 280 kPa O, (USN 5 & 6, Kindwall)

* 400 kPa 50/50 Heliox of nitrox

* 600 kPa air or nitrox (USN 6A, RN 71)

* 780 kPa air and nitrox (USN 8, Hawaian)

*  Depth of relief and saturation tables

It is commonly accepted that supplemental oxygen should be administered immediately
after a decompression accident, and continued until the patient reaches the hyperbaric chamber.
Generally, this will significantly reduce symptoms. A large number of patients will reach the
chamber without any symptoms at all (14; 16). Still, there is general consensus that even if no
symptoms are observable, the patient should be recompressed.

Studies have shown that while the majority of the commercial divers are treated within
fifteen minutes after they develop symptoms, for amateur divers there is a considerably longer
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time delay, many hours in most cases (15). Delay in starting treatment may influence results
significantly (16), however, it seems that after some hours, a further holdup of treatment does not
significantly influence outcome (14; 22). A study by Mclver and Mclver (15) showed that 61%
of the divers who were treated within two hours were fit to dive after one treatment, while only
44% of those treated later were fit.

When gas is formed, the initial effect of the bubbles will be related to volume expansion
and the mechanical effects of the bubble surface. Following this, bubbles will initiate a number
of secondary biochemical effects, mostly related to inflammation. The secondary effects are not
determined by bubbles as such but by how the body reacts to them.

The purpose of the initial treatment is primarily to diminish the mechanical effects of the
bubbles, while the later treatments, which I have arbitrarily defined as those performed one to
two hours after the insult, is HBO, treatment for both primary and secondary bubble effects. This
critical time interval is difficult to define, and no one knows how long it is. One consequence of
this approach is that it is beneficial for the final outcome to eliminate bubbles rapidly.

So what are these primary bubble effects? If we only consider the vascular bubbles (see
later), my opinion is that the bubbles mainly damage the endothelium (18; 19) and only rarely
do they lead to flow obstruction and ischemic effects. Total occlusion of flow is probably rare
unless excessive amounts of gas are present

There are a number of secondary effects which I will not go through in detail, like
activation of leukocytes, aggregation of thrombocytes, initiation of coagulation (21; 26). The
body regards bubbles as foreign surfaces and responds to them some time after the gas bubbles
have been formed. Rapid removal of the bubbles can perhaps prevent some of these secondary
effects.

The question of the location of the decompression bubbles is of some significance.
Behnke pointed out that the matter of bubble location was of the greatest importance since, if
bubbles form extravascularly in the nervous tissue, any decompression poses the probability of
serious consequences (1). It is well documented that bubbles can be observed in the venous
system in nearly all decompressions (7; 17). Very little data actually show that there are many
bubbles in other tissues, with the possible exception of fat (17) (1). Bubbles are not seen in
flowing blood (10). Bubbles are usually formed at hydrophobic surfaces (27), where bubble
precursors (nuclei) are stable. Following severe experimental decompressions, we did not
observe bubbles in the muscles themselves, but on tendons and fascia (unpublished data).

Our hypothesis is that serious decompression problems, e.g. neurological decompression
illness, are caused by the reaction of the body to intravascular bubbles. Bubbles in tissue may be
involved and obviously are an issue in musculoskeletal DCS. The main role for tissue bubbles
(or stationary vascular bubbles) is the effect on gas dynamics, as they slow down the elimination
of inert gas (12). While of possible importance, there is little evidence that is contributes to
disease process. One example comes from a study in goats done by Palmer published in 1998
(20). When staining for endothelium in the spinal cord he always saw endothelium surrounding
the gas. He could never find gas bubbles that were not inside a vessel. Even if extravascular
bubbles can not be wholly discounted as the source for serious decompression sickness, an
hypothesis assuming that the main cause are vascular bubbles can be useful and testable.

Bubbles formed on the venous side of the circulation can go through the pulmonary
vasculature (24) or through an open Foramen Ovale (25). There is also a potential for bubble
formation in the arterial circulation. Several studies have shown that bubbles can be observed on
the arterial side before they are seen on the venous side following decompression (1). As early as
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1900 it was observed that if animals were killed under pressure and then decompressed, bubbles
were found in equal amounts both in arteries and veins. If they were decompressed alive, the
bubbles were mainly seen in the veins, indicating that the potential to form bubbles was just as
great on the arterial side as on the venous side (11). If we assume that the mechanism of injury in
DCI is similar to the one seen following ischemia and reperfusion, then the mechanism for the
treatment effect of HBO, would be similar to what has been presented at this symposium.

When we use oxygen at increased pressure, it has effects that may influence the actual
dosage of oxygen reaching the organs. We did a study in anesthetized pigs, demonstrating that
there is a significant increase in shunt fraction in the lung even after five minutes of 100 kPa
oxygen and that this fraction increased nearly three times following 200 kPa oxygen breathing
(8). It is conceivable that the effect is considerably less in active man.

Another important factor is that oxygen has an effect on nitrogen elimination. In the
same study, we looked at nitrogen elimination measured in the central venous blood. We were
able to demonstrate that breathing 200 kPa oxygen significantly slowed down the washout of
nitrogen by a factor of three (9).

We have performed a series of experimental studies where we have looked at the effect
of pressure and oxygen on the elimination of gas bubbles in the pulmonary artery (13). In Figure
1, we see the effect of breathing oxygen compared to breathing air following a standard dive

(500 kPa, 40 minutes breathing air, 200

PA bubbles, % kPa/minute decompression). The

" — Contolse) maximum amount of bubbles produced
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started as soon as maximum bubble
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Fig. 1. The effect of air and 100 kPa oxygen on elimination time for gas bubbles in the pulmonary artery.

Following this treatment, only one animal in the air recompression group had any signs
of central nervous injury during a one week follow up period (6).

In Figure 2 the effect of various combinations of pressure and oxygen content are
compared. If pressure is increased to 200 kPa, the bubbles are removed significantly faster
compared both to the control and to the use of 100 kPa oxygen. However, neither the addition of
oxygen up to 280 kPa, nor the increase of pressure up to 400 kPa significantly influences the
elimination time of bubbles.
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Fig. 2. The effect of pressure and oxygen on the elimination of pulmonary artery bubbles following decompression.
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In order to try to understand the relative importance of pressure and oxygen on bubble
elimination, further experiments were performed. The results can be seen from Figure 3.The
effect of compressing to 200 kPa breathing either 100 % oxygen or a nitrogen/oxygen mixture
containing 20 kPa oxygen is shown. The time it takes to eliminate the gas is exactly the same.
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Fig. 3. The effect on pulmonary artery bubbles of recompression to 200 kPa breathing 200 kPa and 20 kPa oxygen.
At the arrow, the animals are returned to 100 kPa breathing 100 kPa and 20 kPa oxygen respectively.

After 20 minutes (arrow) the animals were returned to pressure. Bubbles reappear and the
number of bubbles increase until they reach the bubble elimination curve for air breathing and
100 kPa oxygen, respectively. This clearly indicates that it is the pressure that is the main
determinant for the velocity whereby the bubbles disappear, while the oxygen increases the rate
of elimination of the inert gas.(Brubakk et al, in manuscript)
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Fig. 4. Bubble elimination following recompression breathing air. Own data and those of Branger et al.
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Fig. 5. Effect of oxygen on bubble elimination time. Comparison between own data and model of Branger et al.
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called surface decompression using oxygen (SurDQO;). In this method, the diver is returned
rapidly to the surface and then recompressed within 5 minutes to 220 kPa breathing oxygen in a
chamber. This method is considered quite safe and effective. However, if considerable number of
bubbles are produced during ascent to surface, even oxygen breathing for 68 minutes is not able
to eliminate all gas and a considerable amount of bubbles are still present following final return
to surface (5).

In 1978 Barnard stated, "It is to be hoped that in the near future we will have at our
disposal a system of treatment based on sound theory, on firm experimental evidence, and
extensive clinical trials which are flexible enough to suit the many different types of cases which
will continue to occur and that this would be a result of our efforts to understand the etiology of
the disease and achieve its prevention."

I think we still have not reached this stage and there are many things we do not know.
While 100kPa oxygen and USN6 remains the standard method of treatment, I hope that some of
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the thoughts and results presented here may initiate further studies and improvement in treatment

procedures.
REFERENCES

1. Behnke AR. Decompression sickness following exposure to high pressures. In: Decompression sickness.,
ed. Fulton JF. Philadelphia,PA.: Saunders, 1951: 53-89.

2. Bert P. Barometric pressure. Columbus, Ohio: College Book Company, 1943.

3. Branger AB, Eckmann DM. Theoretical and experimental intravascular gas embolism absorption
dynamics. J Appl Physiol 1999; 87:1287-1295.

4. Branger AB, Lambertsen CJ, Eckmann DM. Cerebral gas embolism absorption during hyperbaric therapy:
theory. J Appl Physiol 2001; 90:593-600.

5. Brubakk AO, Arntzen AJ, Wienke BR, Koteng S. Decompression profile and bubble formation after dives
with surface decompression: Experimental support for a dual phase model of decompression. Undersea
Hyperbaric Med 1. 2003.

6. Brubakk AO, Krossnes B, Hjelde, A, Koteng S, Merk, SJ, O@rnhagen H. The effect of 100kPa oxygen and
recompression to 200 kPa with air on organ injury following decompression in the pig. Eur J Underwater
Hyperbaric Med 2003; 4:5-12.

7. Eckenhoff RG, Olstad CS, Carrod G. Human dose-response relationship for decompression and
endogenous bubble formation. J Appl Physiol 1990; 69:914-918.

8. Flook V, Koteng S, Holmen I, Brubakk AO. The differential effect of oxygen and bubbles on lung
function. Undersea Hyperbaric Med 21(Suppl) 1994; 88.

9. Flook V, Brubakk AO, Eftedal O, Holmen I, Ustad AL, Koteng S. The effect of oxygen and of
decompression bubbles on inert gas washout. STF23 A94031. 1994. Trondheim, Sintef.

10. Harvey EN. Decompression sickness and bubbie formation in blood. New York Acad Med 1945; 21:507-
537.

11. Heller R, Mager W, Schroetter HV. Luftdruckerkrankungen. Wien: Alfred Hoelder, 1900.

12. Hills B. A thermodynamic and kinetic approach to decompression sickness (Dissertation). University of
Adelaide, 1966.

13. Koteng S, Oernhagen H, Brubakk AO. Pressure and oxygen reduce elimination time for bubbles after
diving. Gennser M. 1998; 202-205. Stockholm, Sweeden, EUBS. Diving and hyperbaric Medicine. Proc.
XXIV. EUBS 1998.

14. Marroni A. Recreational diving to-day; Risk evaluation and problem management. In: EUBS Proceedings
1994, edited by Cimcit M. Istanbul: EUBS, 1994; 121-131.

15. Mclver NKI, Mclver RG. Emergency recompression of divers: Coordinating the need. Eur J Underwater
Hyperbaric Med 2003; 4:00-000.

16. Moon RE, Gorman DF. Treatment of the decomprtession disorders. In: Bennett and Elliott's Physiology
and Medicine of Diving, edited by Brubakk AO and Neuman TS. London: Saunders, 2003; 600-650.

17. Nishi RY, Brubakk AO, Eftedal O. Bubble detection. In: Bennet & Elliott's The Physiology and Medicine
of Diving, edited by Brubakk AO and Neuman TS. London: Harcourt, 2001, p. 000.

18. Nossum V, Brubakk AO. Endothelial damage by bubbles in the pulmonary artery of the pig. Undersea
Hyperbaric Med 1999; 26:1-8.

19. Nossum V, Hjelde A, Brubakk AO. Small amounts of venous gas embolism cause delayed impairment of
endothelial function and increase polymorphonuclear neutrophil infiltration. Eur J Appl Physiol 2002;
86:209-214.

20. Palmer AC. Nature and incidence of bubbles in the spinal cord of decompressed goats. Undersea &
Hyperbaric Med 1997; 24:193-200.

21. Philp R, Inwood M, Warren B. Interactions Between Gas Bubbles and Components of the Blood:
Implications in Decompression Sickness. Aerospace Med 1972; 43:946-953.

22. Ross JAS, Stephenson RN, Godden DJ, Watt SI. The presentation and clinical course of decompression
illness in Scotland. Undersea Hyperbaric Med 2000: 27: 42.

23. Thalmann ED. Principles of U.S. Navy recompression treatments for decompression sickness. In:

Treatment of decompression sickness, edited by Moon RE. and Sheffield P. Bethesda: UHMS, 1996; 75-
95.

78



24.

25.

26.

27.

UHM 2004. Vol. 31. No.1 — Hyperbaric oxygen therapy: oxygen and bubbles.

Vik A, Brubakk AO, Hennessy TR, Jenssen BM, Ekker M, Slerdal S. Venous air embolism in swine:
transport of gas bubbles through the pulmonary circulation. J Appl Physiol 1990; 69:237-244.

Vik A, Jenssen BM, Brubakk AO. Arterial gas bubbles after decompression in pigs with patent foramen
ovale. Undersea & Hyperbaric Medicine 1993;20:121-132.

Warren B, Philp R, Inwood M. The ultrastructural morphology of air embolism platelet adhesion to the
interface and endothelial damage. Br J exp Path 1973; 54:163-172.

Wisleff U, Brubakk AO. Aerobic endurance training reduce bubble formation and increase survival in rats
exposed to hyperbaric pressure. J Physiol 2001;537:607-611.

79



	Table 1. Treatments Used Today

