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Abstract

(Brubakk AO, Møllerløkken A. The role of intra-vascular bubbles and the vascular endothelium in decompression sickness. 
Diving and Hyperbaric Medicine. 2009;39(3):162-9.)
Although decompression procedures have been improved over the years, decompression still remains a significant problem 
in diving. While there is universal agreement that the basic problem of decompression is gas coming out of solution, forming 
bubbles when pressure is reduced, the exact mechanism of decompression injury is not known. Furthermore, the wide variety 
of clinical symptoms and the significant difference in individual susceptibility makes identification of the mechanisms involved 
difficult. Using ultrasound, vascular gas bubbles have been detected in most decompressions, and these bubbles can act on 
the endothelial lining of blood vessels resulting in impaired endothelial function.  Normal endothelial function is a major 
indicator of cardiovascular health and thus a reduction in vascular bubble formation and hence the risk of endothelial injury 
is an important goal in decompression. Even if vascular gas bubbles may not be the only adverse effect of decompression, 
vascular gas bubbles and their adverse effects on the endothelium may be a useful model for decompression injury. This 
review claims that endothelial dysfunction may be a possible main mechanism for neurological decompression injuries 
and describes some of the effects of vascular gas bubbles on the endothelium. Furthermore, as the formation of vascular 
gas bubbles can be significantly influenced by physical exercise and the use of nitric oxide, a novel approach to reducing 
the risk of decompression injury is suggested.

Defining adverse effects of decompression

Following return to atmospheric pressure after a dive 
or an exposure to altitude, clinical symptoms and 
signs can occur. These vary from mild to very severe 
including death, and have been given a variety of names: 
decompression sickness (DCS), decompression illness 
(DCI), ‘niggles’, aeroembolism, nitrogen disease, diver’s 
palsy, and compressed air illness to name a few. The most 
commonplace name, the ‘bends’, is attributed to the posture 
adapted by fashionable ladies at the turn of the 20th century, 
the ‘Grecian bend’. This posture, bending forward at the 
waist would give some comfort to a diver in acute pain. As 
described by Ferris,
“the term is used to denote the syndrome of pain and 
disability, localized in the locomotor system ... The pain is 
usually localized in the joints and may radiate up and down 
the extremities involved ... The subjective pain is usually 
described as being a deep aching pain, difficult to localize, 
which – once it begins – usually progresses in intensity with 
periods of waxing and waning ... When severe it is associated 
by functional impairment of the involved extremity, with 
a feeling of numbness and weakness of the part and with 
faintness.”1

Or as was described by Behnke,
“The major symptoms and signs of decompression sickness 
are pain (bends), asphyxia (chokes) and paralysis. Minor 
effects are rash and fatigue. The parts of the body chiefly 

involved are the extremities (bends), cardiorespiratory 
system (chokes) and the spinal cord.”2

Even today, there is probably little to add to Behnke’s 1951 
description, with the possible exception that the brain may 
be more frequently involved and that extreme fatigue may 
be a more serious sign than previously thought.3

Traditionally, the symptoms following decompression 
(dysbarism) have been categorised according to their 
anatomical location and severity:

Type I (mild): muscle and joints, skin, lymphatics, • 
malaise / fatigue
Type II (serious): spinal, cerebral, vestibular, • 
cardiopulmonary (‘chokes’)
Arterial gas embolism• 
Barotrauma.• 

This classification implies that the different categories are well 
defined disease entities and that there is reasonable agreement 
between doctors about the classification. However, studies 
have demonstrated that there is considerable uncertainty 
between experts about classification.3  For instance, many 
cases of cerebral DCS cannot be distinguished from arterial 
gas embolism or vestibular barotrauma. Furthermore, 
several studies have shown that joint symptoms alone 
are uncommon; they are usually accompanied by central 
nervous symptoms.4,5  According to Diver Alert Network 
(DAN) data, 40% of symptoms are neurological, 13% are 
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vestibular and 22% pain.6,7  Extreme fatigue can be classified 
as a harmless sign or be a sign of subclinical pulmonary 
embolism. Therefore, the term ‘decompression illness’ 
was suggested to include both decompression sickness and 
arterial gas embolism.8  It was further suggested that the 
disease should not be classified as Type I and Type II, but 
instead described according to clinical symptoms and their 
development. Using this classification scheme, a high degree 
of concordance between different doctors was reached.9

However, the classification debate loses some of its 
importance when we realize that all clinical signs of DCS are 
treated similarly by using oxygen and pressure. Nevertheless, 
in discussing the more general problems related to the effects 
of decompression, several other definitions may be used:

Acute clinical symptoms requiring treatment in • 
individuals who have been exposed to a reduction in 
environmental pressure
Acute clinical symptoms in individuals who have been • 
exposed to a reduction in environmental pressure
Organic and/or functional decrements in individuals • 
who have been exposed to a reduction in environmental 
pressure
Vascular gas bubbles without clinical symptoms in • 
individuals exposed to a reduction in environmental 
pressure.

The first definition is the one traditionally used and is 
incidentally the one used to evaluate the effectiveness of 
decompression procedures. This is probably quite accurate 
if serious symptoms occur. However, decompression illness 
requiring treatment is a rare disease. In commercial diving, 
the incidence of treated DCI is probably below 1%.10  In 
recreational divers, the incidence appears to be much lower 
– about 0.01−0.05%.11  However, these general numbers 
hide the fact that, even in commercial operations, DCS 
shows considerable individual differences/variability (see 
below).

Even if it is uncommon, a large proportion of divers have 
been treated for DCI. In a survey of divers in an off-shore 
diving company in 1985, 38% of the divers with 1−9 years’ 
experience and 62% of those with 10−24 years of experience 
had been treated.12  A survey of a large population of 
Norwegian divers showed that 3% of the recreational divers 
and 28% of the experienced professional divers had been 
treated for DCI.13  For many years, there has been anecdotal 
evidence that clinical symptoms of DCI are considerably 
under-reported. In the Norwegian survey, 19% of the sports 
divers, 50% of the professional air divers and 63% of the 
saturation divers reported that they had had symptoms that 
had not been treated with recompression; a majority of 
these symptoms being neurological.13  Interestingly, there 
was a statistical relationship between this and later minor 
CNS symptoms.

Newer data from DAN have shown that, in recreational 

divers with DCS, pain is only present in about half of the 
cases, that injuries of the spinal cord and symptoms from 
the lungs are quite common and that 17% had experienced 
extreme fatigue.7  Fatigue has been described as a sign 
of subclinical pulmonary embolism, further supporting 
the theory that vascular gas bubbles may be an important 
factor in neurological DCS. If, however, the symptoms are 
less marked, considerable under-reporting is likely, and the 
second of the four definitions above perhaps provides a more 
accurate description.

The third definition includes both acute and chronic changes 
related to decompression. These may be related to acute 
clinical symptoms or develop sub-clinically. A recent 
consensus conference determined that such changes, even 
in individuals with few or no reported symptoms, have been 
found in the bones, central nervous system and the lungs 
of divers.14

The last definition is similar to the so-called ‘silent bubbles’ 
described by Behnke.2  The term silent refers to the fact that 
these bubbles do not lead to acute clinical symptoms. Most 
will probably not regard this as DCS. However, the fact 
that such bubbles are present during most decompressions 
is similar to the situation in many infectious diseases with 
detectable pathological flora and few or no symptoms. 
The question still remains whether these bubbles have an 
effect on the organism. There is little information about the 
real incidence of long-term effects of diving, nor is there 
any agreement about the possible mechanisms for such 
effects.

Describing the possible signs and symptoms following 
decompression does not provide a full understanding 
of DCS, the presentation of which is protean in nature 
and severity, and the prognosis varies markedly between 
patients. A doctor with considerable experience in treating 
DCS commented that “the signs and symptoms of DCS are 
more varied than the symptoms of syphilis and diabetes 
together”.6

The majority of cases of DCS can be classified as a disorder, 
“a disruption of normal physical or mental functions”.15  

Probably only neurological DCS fits the dictionary definition 
of a disease: “a condition of an organ, part, structure or 
system of the body in which there is incorrect function 
resulting from the effect of heredity, infection, diet or 
environment. A disease is a serious, active, prolonged and 
deep-rooted condition”.15

We have proposed the term ‘adverse effects of decompression’ 
(AED) as a useful indicator of decompression stress and 
decompression risk.16  This is supported by Thalman who 
suggested that “minor symptoms like fatigue and transient 
niggles must be considered as they probably indicate 
a higher level of decompression stress as completely 
asymptomatic tables”.17
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Decompression stress

Stress is a concept that comes from physics, describing the 
effect of forces against a resistance. However, in medicine 
and biology, biological stress, a concept developed by Hans 
Selye, is defined as a general pathophysiological response, 
where similar symptoms and signs develop in response to a 
variety of agents and conditions. This phenomenon is termed 
the ‘general adaptation syndrome’.18  The term has also been 
used for a long time in psychology to describe the effects 
on the body that indicate a strong negative psychological 
or physical pressure or tension exceeding the mental or 
behavioural resources of the individual.

Decompression acts as a stressor, and decompression stress is 
the effect on the organism of the physical and physiological 
factors accompanying decompression. Even without any 
acute signs and symptoms, vascular gas bubbles can be an 
indicator of the magnitude of stress. In view of the fact that 
the majority of dives lead only to minimal symptoms despite 
the formation of gas bubbles, a major aim in developing safer 
procedures would be to provide an indication of the risk for 
injury in a particular dive.

Vascular gas bubbles as a marker of decompression 
stress

It is generally acknowledged that the injuries to the organism 
related to decompression in diving are caused by gas bubbles, 
and that the ‘bends’ is the reaction of the body to bubble 
formation. The amount, duration and location of the gas 
phase will influence the risk of acute symptoms and the 
degree of injury. Following this, it is also reasonable to 
assume that a reduction in the gas phase will reduce the 
risk of injury, both acutely and in the longer term. The 
evolution of a gas phase within the body is outside the 
terms of reference for this paper and readers are referred to 
a useful summary.6

Gas bubbles are formed in the vasculature on most 
decompressions, as only very low levels of supersaturation 
in the body appear to be needed for bubble formation.19  The 
evaluation of new decompression procedures is increasingly 
based on bubble detection in the pulmonary artery using 
ultrasonic techniques.20  While it is possible that bubbles in 
the tissue may also play a role in neurological DCS, vascular 
bubbles are probably the main cause of serious symptoms 
from the lungs and the central nervous system.2,21−24  Since 
gas bubbles may be observed by Doppler or through 
ultrasonic imaging in the circulation in a majority of divers, 
and since divers are regularly exposed to such bubbles, it is 
important to determine their effect, how bubble formation 
can be reduced and how possible harmful effects can be 
prevented.

At present, there is only one practical way of evaluating 
bubble formation, namely by monitoring bubbles in the 
venous system.20  As all blood enters the lungs through the 

right side of the heart, it is also reasonable to assume that 
bubbles in the pulmonary artery might be a good indicator of 
the total amount of free gas in the body. Whilst the sensitivity 
and specificity of pulmonary artery Doppler-detected 
bubbles is somewhat limited in predicting clinical DCS, 
there is general agreement that the risk of DCS increases 
with increasing numbers of bubbles.25  For air dives, DCS is 
always accompanied by vascular bubbles, if all monitoring 
sites are considered.26  There is even stronger support for 
the observation that the lack of detectable pulmonary artery 
bubbles is associated with a low risk of DCS.20  If no bubbles 
are observed following air dives, any clinical symptoms or 
signs seen are probably not caused by DCS.27  However, it 
must be borne in mind that bubble detection is performed 
intermittently so that bubbles may be missed. Even if the 
detection of vascular bubbles has the advantage of being 
an objective indicator, better tools are needed as the same 
decompression stress may produce quite different amounts 
of separated gas in different individuals.

In aviators with localized joint pain from DCS, gas could 
be seen in peri-articular and peri-vascular tissue spaces, 
and there was a correlation between the occurrence of gas 
and pain. Ferris and Engels demonstrated in the 1940s that 
strain and muscular activity were correlated with joint pain 
in altitude DCS.1  Local compression could reduce or remove 
the pain in many cases, and pain could be eliminated by 
occluding arterial inflow to the limb. This suggests that a 
diver complaining of joint pain has most likely been exposed 
to two types of decompression stress, namely tissue gas in 
and around the joint and intravascular gas in the pulmonary 
circulation.

Decompression risk

In order to develop safer procedures for all divers, it is 
important to evaluate whether one diver can have a higher 
risk of DCS compared to another diver. In the literature, 
several risk factors such as obesity, age and physical 
activity have been claimed to influence decompression 
risk.6  It has also been claimed that differences in work load, 
temperature and blood flow may have a significant effect 
upon decompression outcome.28  In a major study of tunnel-
workers in the United Kingdom by Colvin, those who had 
been treated for DCS were compared to workers who had 
no symptoms.29  Four per cent of the work force contributed 
to 50% of the treatments for DCS, with no differences in 
work activities between the groups. Similar findings were 
reported in a small study from the 1950s, whilst Walder 
noted similar findings in the 1940s but with a slighter higher 
incidence (18%) of DCS.30,31  Considerable differences in 
DCS incidence were noted between different companies 
in the 2003 report, indicating that operational factors may 
also play an important role.29  No relationships between the 
occurrence of DCS and pre-clinical findings were observed; 
the only significant factors identified being absolute pressure 
and the duration of exposure. This is similar to the findings 
of Shields et al in North Sea divers, where the depth and 
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duration of the dive (expressed as p√T, p in bar and T in 
minutes bottom time) were related to the incidence of DCS 
regardless of which decompression tables were used.32

In two separate studies, we performed the same dive (18 
metres’ sea water (msw) for 80 minutes) in two groups of 
similarly aged, well-trained military divers who underwent 
the same training and activities.33,34  There was a significant 
difference in vascular bubble formation in the two studies, 
the amount of vascular bubbles in the two groups differing 
by a factor of approximately twenty. At present, we have 
no explanation for these findings. According to Lanphier 
et al, long, shallow or short, deep dives both have a high 
incidence of DCS pulmonary symptoms (‘chokes’).35  The 
main conclusion from these studies is that, in any particular 
group of divers, there is a small percentage (approx 5−20%) 
that has a significantly higher risk for being injured than the 
rest of the group. These data also demonstrate that traditional 
pre-clinical testing of the divers will not necessarily identify 
those who are most susceptible.

The vascular endothelium and bubbles

The vascular endothelium plays a vital role in homeostasis 
and is recognized as an organ with important autocrine and 
paracrine functions. The endothelial cells produce a large 
number of both vasoconstriction and vasodilating substances, 
which act on the underlying vascular smooth muscle. 
Probably the most important endothelial-derived relaxing 
factor is nitric oxide (NO). NO is produced by the endothelial 
isoform of nitric oxide synthase (eNOS). In addition to 
relaxing vascular smooth muscle, NO counteracts the 
formation of atherosclerosis through inhibition of leukocyte 
adhesion and invasion, smooth muscle proliferation, platelet 
aggregation and inflammation.36  Abnormalities in one or 
more of the pathways that ultimately regulate the availability 
of NO may lead to endothelial dysfunction. Endothelial 
dysfunction, as defined by impaired endothelial-dependent 
vasodilatation, has been identified as an independent 
risk factor and a strong prognostic marker of long-term 
cardiovascular morbidity and mortality in latent and manifest 
cardiovascular disease.37,38

Several studies confirm that bubbles will damage or reduce 
endothelial function in a dose-dependent manner.39,40  In the 
cerebral circulation, they lead to injury of the blood-brain-
barrier within minutes.41,42  We hypothesise that 
“the main mechanism for dysfunction or injury to the central 
nervous system after decompression is the effect of bubbles 
on the vascular endothelium.43

In one of the studies mentioned above in navy divers, where 
a dive to 18 msw led to little bubble formation, a reduction 
in arterial endothelial function was observed and these 
divers had reduced endothelial function even before they 
performed the dive.33  This may indicate that diving has a 
long-term effect on endothelial function, but other lifestyle 
effects may also be involved.

Activation of the endothelium will lead to production of so-
called endothelial micro particles (EMP).44  Such activation 
has been observed in a number of cardiovascular diseases 
and after using a heart-lung-machine, and it is not unlikely 
that gas bubbles may lead to such activation.45  Madden and 
Laden showed that bubbles formed during decompression 
may interact with the endothelium resulting in a loss of 
integrity which results in an increased shedding of EMP 
into the circulation.46

Studies have shown that circulating activated micro-particles 
can reduce endothelial function, and it has been suggested 
that EMP may be used as a marker of endothelial stress.47,48  
The reduction in endothelial function is probably caused 
by a reduction in NO production.49  Activated endothelial 
cells have an increased expression of adhesion molecules 
(VCAM, ICAM and E-selectin), and activation of C5a leads 
to an increased expression of such adhesion molecules after 
about four hours.50  This is in agreement with our findings 
that the reduction in endothelial function could be observed 
between one and six hours after exposure to gas bubbles, 
and that gas bubbles lead to an increase in C5a in a dose-
dependent manner.40,51  In a recent study, increases in vascular 
cell adhesion molecule (VCAM) and induced cell adhesion 
molecule (ICAM) were observed in the blood of divers five 
minutes after surfacing, persisting for 24 hours.46

Heat shock proteins (HSP) are formed in the body when 
the organism is exposed to stressors such as hyper- or 
hypoxia, heat, cold, exercise and some heavy metals or 
drugs. HSP have important functions in controlling the 
folding and structure of proteins and protecting the organism 
from injury.52  However, in some cases, expression of HSP 
may contribute to injury. Saturation divers are exposed to 
considerable stress (e.g., hyperoxia, hard physical work and 
exposure to infections), which could potentially lead to an 
increase in HSP over longer periods of time. Of particular 
interest is the exposure to bacteria, as infections are still a 
serious problem in saturation diving operations.53  Certain 
bacteria, e.g., Pseudomonas aerogenosa, which is common 
in saturation diving, produce HSP that is strongly antigenic 
and may trigger a significant immune response.54  If the 
bacterial flora in the diving habitats can produce such an 
immunological response, this would indicate that saturation 
diving may carry a higher risk of endothelial damage by 
bubbles than other types of diving. The above also raises 
the interesting question whether hyperoxia and the stress 
of the dive prior to decompression play an important role 
in determining the outcome of decompression.55

Prevention of injury

Traditionally the reduction of bubble formation to prevent 
DCS has been achieved by changing stop times during 
decompression. Even if the procedures used today have a 
low incidence of DCS, we have demonstrated theoretically 
and experimentally that there is still considerable room for 
improvement in decompression procedures by reducing 
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the amount of vascular gas bubbles formed.56,57  These 
observations suggest a novel and more efficient way of 
reducing the formation of intravascular gas bubbles and 
hence reducing the decompression stress.

In a number of studies in rats, we have shown that the amount 
of vascular bubbles following a dive and the incidence of 
DCS can be significantly reduced by performing severe 
physical exercise 20 to 24 hours before the dive.58  This 
effect has disappeared after 48 hours, while exercise closer 
to the dive has no effect. Exercise with increase in blood flow 
and shear stress will increase the production of NO, which 
also affects the properties of the endothelial surface.59,60  We 
have been able to show that bubble production is increased 
by blocking NO and that the bubble-preventing effect of 
exercise can be simulated by exogenous NO.58,61,62  The same 
effect of exercise in reducing bubble formation with exercise 
20 hours pre-dive has also been shown in a group of divers 
performing a dive to 18 msw.63  The above findings were 
quite surprising and have significantly changed our opinion 
on how bubbles are formed and how their formation may 
be controlled.

It is assumed that bubbles grow from so-called gas-filled 
bubble nuclei which are about 1µ in diameter, since de novo 
formation of bubbles requires high supersaturation pressures 
that do not occur in diving.64  These nuclei are not stable in 
blood, but on a hydrophobic surface such bubbles will remain 
stable more or less indefinitely.65  Hydrophobic areas exist 
on the endothelial surface in the form of caveola, where the 
production of NO is also localized.66  A reduction of surface 
tension on such a surface will increase the number of stable 
nuclei.67  We have previously shown in a pig model that there 
is a relationship between surface tension of serum and bubble 
production and that a small reduction in surface tension will 
increase bubble production significantly.68  Finally, there is 
a significant increase in caveola and NO after exercise.69  
The effect of this could be that exercise, by increasing NO 
production, will lead to microbubble detachment from the 
endothelium, thus allowing them to be transported to the 
lungs by the blood and actually reduce their number available 
for future growth during decompression. We believe that 
variations in surface tension and/or NO production may be 
one factor that explains the large intra- and inter-personal 
variations in bubble formation observed in divers.

It has also been shown that an increase in low-density 
lipoproteins will decrease NO production.70  Even if obesity 
does not seem to be related to DCS risk in Colvin’s study, 
food preferences could have an effect.29  This might explain 
why repeated exposure will reduce the risk for DCS.2  
An interesting fact about this adaptation is that it is very 
specific – if the depth of the dive is changed, the adaptation 
is lost. This raises the interesting possibility that epigenetic 
mechanisms might be involved.71

As mentioned above, blocking NO production promotes 
bubble production, and heavy exercise 20 hours before 

the dive prevented this.61  This study was performed in 
rats weighing less than 280 g. When heavier animals were 
used (>300 g) this effect could no longer be seen. Acute 
heavy exercise increases blood lipids by approximately 
30% immediately after exercise is finished, then, over the 
next hours, blood lipids are gradually reduced and this 
effect has disappeared after a few days.72,73  This effect is 
more pronounced in the trained than the untrained rat and 
is also dependent on the intensity of exercise. Twenty-four 
hours after exercise HDL is increased.74  This could be 
a mechanism to explain why exercise 24 hours before a 
dive protects lean but not fat animals that are NO blocked. 
In the lean animals, with lower lipid levels, exercise will 
reduce blood lipids, allowing hydrophobicity to be reduced 
sufficiently to allow washing out of bubbles, while the effect 
is not strong enough in the heavier animals with blocked 
NO production. This mechanism could also explain why 
heavy exercise shortly before decompression could increase 
bubble formation. If more bubble nuclei adhere, there are 
more nuclei available for bubble growth.

Injury by bubbles may be preventable through other 
mechanisms. As described above, HSP are formed in the 
body when the organism is exposed to a number of stressors. 
The protective effect is strongest from a few hours to a 
day after the stress episode.52  HSP90 is involved in the 
production of NO.75  We have shown in rats that increasing 
body temperature to 42OC 24 hours before the dive, reduces 
mortality by 50% and that this exposure increased HSP70 
but not HSP90 and eNOS.76  Exercise will also have an 
effect on HSP expression: moderate exercise increased 
HSP70 by 2,100% 48 hours after the last exercise bout.77,78  
These studies also showed that exercise reduced apoptosis. 
HSP70 was also found increased in animals showing signs 
of DCS.79

The incidence of DCS has been reduced over the last 
40 years, but the relative number of incidents of DCS 
involving the CNS has increased. While supersaturation has 
been a major focus in nearly all research within this field, 
future research should perhaps focus more on biochemical 
pathways to uncover the secrets of the bubbles, both in their 
generation and their pathophysiological effect.

Conclusions

In this review we have concentrated on vascular bubble 
formation, its detection and effects. We suggest that damage 
and/or reduction in endothelial function due to the passage of 
gas bubbles is a central mechanism for the development of 
serious decompression injury and possibly also for the long-
term effects of diving. We further suggest that these effects 
may be both influenced and prevented. Decompression 
stress, as defined above, can be used to describe the risk 
of dysfunction and injury after decompression, but we are 
well aware that this is only a part of the decompression 
problem.
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The majority of divers do not show any acute clinical signs 
of DCS. Although the risk of clinical symptoms increases 
with increasing depth and duration of exposure, only a 
small proportion of divers develop clinical signs in spite of 
significant bubble formation. At present, there are no reliable 
ways of identifying, prior to the dive, those individuals 
who account for the majority of DCS cases. As diving is 
performed to greater depths and for longer periods, the 
search for these identifying factors should be given high 
priority. One possible approach could be based on the 
observation that vascular gas bubble formation appears to 
be significantly influenced by prior physical exercise, and 
that this mechanism is related to NO production.

Acknowledgements

This review was supported by the Norwegian Petroleum 
Directorate, Norsk Hydro, Esso Norge and Statoil under 
the “Dive Contingency Contract” (No 4600002328) with 
Norwegian Underwater Intervention (NUI), as well as the 
MD/PhD programme of the Medical Faculty at the Norwegian 
University of Science and Technology, Trondheim, Norway. 
The establishment of the decompression research programme 
was initially supported by Phillips Petroleum Company  
Norway, the HADES programme, under the leadership of 
Dr Tor Nome.

References

Ferris EB, Engel GE. The clinical nature of high altitude 1 
decompression sickness. In: Fulton JF, editor. Decompression 
sickness. Philadelphia: Saunders; 1951. p. 4-52.
Behnke AR. Decompression sickness following exposure to 2 
high pressures. In: Fulton JF, editor. Decompression sickness. 
Philadelphia: Saunders; 1951. p. 53-89.
Francis TJR, Mitchell SJ. Manifestation of decompression 3 
disorders. In: Brubakk AO, Neuman TS, editors. Bennett and 
Elliott’s physiology and medicine of diving, 5th ed. London: 
Saunders; 2003. p. 578-99.
Denoble P, Vann RD, Dear GdeL. Describing decompression 4 
illness in recreational divers. Undersea Hyperb Med. 
1993;20[Suppl]:18.
Kelleher PC, Francis TJR, Smith DJ. INM diving accident 5 
database: analysis of cases reported in 1991 and 1992. 
Undersea Hyperb Med. 1993;20[Suppl]:18-19.
Francis TJR, Mitchell SJ. Pathophysiology of decompression 6 
sickness. In: Brubakk AO, Neuman TS, editors. Bennett and 
Elliott’s physiology and medicine of diving, 5th ed. London: 
Saunders; 2003. p. 530-56.
Pollock NW.7  DAN Annual diving report. Durham NC: Divers 
Alert Network; 2007.
Francis TJR, Smith DJ, Sykes JJW. 8 The prevention and 
management of diving accidents. INM Rep.No.R93002.  
Gosport: Institute of Naval Medicine; 1993. 
Smith DJ, Francis TJR, Tethybridge RJ. An evaluation of the 9 
classification of decompression disorders. Undersea Hyperb 
Med. 1993;20[Suppl]:17. 
Imbert JP. Decompresssion safety. 10 Subtech 93. Amsterdam: 
Kluwer Academic Publishers; 1993. p. 293-49.
Hamilton RW, Thalmann ED. Decompression practice. In: 11 
Brubakk AO, Neuman TS, editors. Bennett and Elliott’s 

physiology and medicine of diving, 5th ed. London: Saunders; 
2003. p. 455-500.
Brubakk AO, Fyllingen J. Occupational health service for 12 
diving ships. In: Schrier LM, editor. Diving and hyperbaric 
medicine. Amsterdam: European Underwater and Baromedical 
Society; 1986. p. 149-58.
Brubakk A, Bolstad G, Jacobsen G. 13 Helseeffekter av 
luftdykking. Yrkes og sportsdykkere (Health effects of diving. 
Professional and sport divers). Report No.: STF23 A93053.  
Trondheim: SINTEF Unimed; 1993. 
Hope A, Lund T, Elliot DH. 14 Long term health effects of 
diving. Bergen: Norwegian Underwater Technology Centre 
(NUTEC); 1994.
Anon. 15 The concise Oxford English dictionary. 11th, revised 
ed. Oxford: Oxford University Press; 2009.
Eftedal OS, Lydersen S, Brubakk AO. The relationship between 16 
venous gas bubbles and adverse effects of decompression after 
air dives. Undersea Hyperb Med. 2007;34(2):99-105.
Thalmann ED. 17 The US Navy Experimental Diving Unit’s view 
of fundamental issues. Presentations for the decompression 
group symposium. Annual Scientific Meeting1989. Bethesda, 
MA: Undersea Medical Society; 1989 p. 21-4.
Selye H. A syndrome produced by diverse nocuous agents. 18 
Nature.1936;138:38. 
Eckenhoff RG, Olstad CS, Carrod G. Human dose-response 19 
relationship for decompression and endogenous bubble 
formation. J Appl Physiol. 1990;69(3):14-8.
Nishi Ry, Brubakk AO, Eftedal O. Bubble detection. In: 20 
Brubakk AO, Neuman TS, editors. Bennet & Elliott’s The 
physiology and medicine of diving, 5th ed. London: Saunders; 
2003. p. 501-29.
Francis TJR, Pezeshkpour GH, Dutka AJ. Is there a role 21 
for the autochthonous bubble in the pathogenesis of spinal 
cord decompression sickness? J Neuropathol Exp Neurol. 
1988;47(4):475-87.
Harvey EN, Barnes DK, McElroy WD. Bubble formation in 22 
animals. J Cell Comp Phys. 1944;24[1]:1-22. 
Gersh I, Hawkinson GE, Rathburn EN. Tissue and vascular 23 
bubbles after decompression from high pressure atmospheres 
- correlation of specific gravity with morphological changes. 
J Cell Comp Phys. 1944;24:35-70.
Nishi Ry. Doppler and ultrasonic bubble detection. In: Bennett 24 
PB, Elliott DH, editors. The physiology and medicine of diving, 
4th ed. London: WB Saunders Company; 1993. p. 433-53.
Nishi Ry. Doppler evaluation of decompression tables. In: 25 
Lin yC, Shida KK, editors. Man in the sea. San Pedro: Best 
Publishing Company; 1990. p. 297-316.
Sawatzky KD. 26 The relationship between intravascular 
Doppler-detected gas bubbles and decompression sickness 
after bounce diving in humans. [PhD thesis.] Toronto: york 
University; 1991.
Kumar KV, Waligora JM. Efficiency of Doppler ultrasound 27 
for screening symptoms of decompression sickness during 
simulated extravehicular activites. Acta Astronaut. 1995;36(8-
12):589-93.
Vann RD. Exercise and circulation in the formation and growth 28 
of bubbles. In: Brubakk AO, Hemmingsen BB., Sundnes G, 
editors. Supersaturataion and bubble formation in fluid and 
organisms. Trondheim: Tapir; 1989. p. 235-58.
Colvin AP. 29 Human factors in decompression sickness in 
compressed air workers in the United Kingdom 1986-2000. A 
case-controlled study and analysis using the HSE Department 
database. HSE  Report No. 171. London: Health and Safety 
Excecutive; 2003.



Diving and Hyperbaric Medicine  Volume 39 No. 3 September 2009168

Golding FC, Griffiths P, Hempelman HV, Walder DN. DCS 30 
during construction of the Dartford Tunnel. British Journal 
of Industrial Medicine. 1960;17:167-80. 
Walder DN. Some problems of working in a hyperbaric 31 
environment. Ann Royal Coll Surgens Eng. 1996:38;288-
307.
Shields T, Duff P, Lee W. 32 Decompression sickness from 
commercial offshore air-diving operations on the UK 
continental shelf during 1982 to 1986. Report No. OT 0–89–
029. Aberdeen: Robert Gordon’s Institute of Technology; 
1989. 
Brubakk AO, Duplancic D, Valic Z, Palada I, Obad A, et al. 33 
A single air dive reduces arterial endothelial function in man. 
J Physiol. 2005;566(Pt 3):901-6.
Dujic Z, Duplancic D, Marinovic-Terzic I, Bakovic D, Ivancev 34 
V, et al. Aerobic exercise before diving reduces venous gas 
bubble formation in humans. J Physiol. 2004;555(Pt 3):637-
42.
Lanphier EH, Lehner CE. Animal models in decompression. 35 
In: Lin yC, Shida KK, editors. Man in the sea. San Pedro: 
Best Publishing Company; 1990. p. 273-95.
Davignon J, Ganz P. Role of endothelial dysfunction in 36 
atherosclerosis. Circulation.  2004;109(23 Suppl 1):III27-
32.
Fichtlscherer S, Breuer S, Zeiher AM. Prognostic value 37 
of systemic endothelial dysfunction in patients with acute 
coronary syndromes: further evidence for the existence of the 
“vulnerable” patient. Circulation. 2004;110(14):1926-32.
Wisloff U, Ellingsen O, Kemi OJ. High-intensity interval 38 
training to maximize cardiac benefits of exercise training? 
Exerc Sport Sci Rev.  2009;37(3):139-46.
Nossum V, Brubakk AO. Endothelial damage by bubbles 39 
in the pulmonary artery of the pig. Undersea Hyperb Med. 
1999;26:1-8.  
Nossum V, Hjelde A, Brubakk AO. Small amounts of venous 40 
gas embolism cause delayed impairment of endothelial 
function and increase polymorphonuclear neutrophil 
infiltration. Eur J Appl Physiol. 2002;86(3):209-14.
Broman T, Branemark PI, Johansson B. Intravital and post-41 
mortem studies on air embolism damage of the blood-brain-
barrier. Acta Neur Scand. 1966;42:146-52.
Chryssanthou C, Springer M, Lipschitz S. Blood-brain and 42 
blood-lung barrier alterations by dysbaric exposure. Undersea 
Biomed Res. 1977;4:111-6.
Brubakk AO, Eftedal OS, Wisloff U. Endothelium and diving. 43 
In: Aird WC, editor. The endothelium: A comprehensive 
reference. Cambridge: Cambridge University Press; 2007. 
p.  497-505.
Jimenez JJ, Jy W, Mauro LM, Soderland C, Horstman LL, et 44 
al. Endothelial cells release phenotypically and quantitatively 
distinct microparticles in activation and apoptosis. Thromb 
Res. 2003;109(4):175-80.
VanWijk MJ, VanBavel E, Sturk A, Nieuwland R. 45 
Microparticles in cardiovascular diseases. Cardiovasc Res. 
2003;59(2):277-87.
Laden G, Madden L, Purdy G. Endothelial damage as a 46 
marker of decompression stress. Undersea  Hyperb Med. 
2004; 31(3):344.
Brodsky SV, Zhang F, Nasjletti A, Goligorsky MS. 47 
Endothelium-derived microparticles impair endothelial 
function in vitro. Am J Physiol Heart Circ Physiol. 
2004;286(5):H1910-5.
Madden LA, Laden G. Gas bubbles may not be the underlying 48 
cause of decompression illness - The at-depth endothelial 

dysfunction hypothesis. Med Hypotheses. 2009;32(4):384-
92. 
Furchgott R, Zawadzki J. The obligatory role of endothelial 49 
cells in the relaxation of arterial smooth muscle by 
acetylcholine. Nature. 1980;288:373-6.
Albrecht EA, Chinnaiyan AM, Varambally S, Kumar-50 
Sinha C, Barette TR, et al. C5a-induced gene expression in 
human umbilical vein endothelial cells. Am J Pathol. 2004 
Mar;164(3):849-59.
Bergh K, Hjelde A, Iversen OJ, Brubakk AO. Variability over 51 
time of complement activation induced by air bubbles in 
human and rabbit sera. J Appl Physiol. 1993;74:1811-5.
Snoeckx LH, Cornelussen RN, Van Nieuwenhoven FA, 52 
Reneman RS, Van DerVusse GJ. Heat shock proteins and 
cardiovascular pathophysiology. Physiol Rev. 2001;81(4): 
461-97.
Ahlen C, Mandal LH, Iversen OJ. Identification of infectious 53 
Pseudomonas aeroginosa strains in an occupational saturation 
diving environment. Occup Environ Med. 1998:55(7);480-4. 
Bonorino C, Nardi NB, Zhang X, Wysocki LJ. Characteristics 54 
of the strong antibody response to mycobacterial Hsp70: a 
primary, T cell-dependent IgG response with no evidence of 
natural priming or gamma delta T cell involvement. J Immunol. 
1998;161(10):5210-6.
Thom SR. Oxidative stress is fundamental to hyperbaric 55 
oxygen therapy. J Appl Physiol. 2009;106(3):988-95.
Brubakk AO, Arntzen AJ, Wienke BR, Koteng S. 56 
Decompression profile and bubble formation after dives 
with surface decompression: experimental support for a dual 
phase model of decompression. Undersea Hyperb Med. 2003; 
30(3):181-93.
Gutvik C, Brubakk AO. A dynamic 2-phase model of vascular 57 
bubble formation during decompression of divers. IEE Trans 
Biomed Eng. 2009;56(3):884-9. 
Wisloff U, Brubakk AO. Aerobic endurance training reduces 58 
bubble formation and increases survival in rats exposed to 
hyperbaric pressure. J Physiol. 2001;537(Pt 2):607-11.
Kerem M, Mehmet C. Endothelial adhesivity, pulmonary 59 
hemodynamics and nitric oxide synthesis in ischemia-
reperfusion. Eur J Cithoracic Surgard. 2000;18:248-52.
Buga GM, Gold ME, Fukuto JM, Ignarro LJ. Shear stress-60 
induced release of nitric oxide from endothelial cells grown 
on beads. Hypertension. 1991;17(2):187-93.
Wisloff U, Richardson RS, Brubakk AO. NOS inhibition 61 
increases bubble formation and reduces survival in sedentary 
but not exercised rats. J Physiol. 2003;546(Pt 2):577-82.
Wisloff U, Richardson RS, Brubakk AO. Exercise and nitric 62 
oxide prevent bubble formation: a novel approach to the 
prevention of decompression sickness? J Physiol. 2004;555(Pt 
3):825-9.
Dujic Z, Duplancic D, Marinovic-Terzic I, Bakovic D, Lancev 63 
V, et al. Aerobic exercise before diving reduces venous gas 
bubble formation in humans. J Physiol. 2004;555(Pt 3):637-
42.
yount DE. Growth of bubbles from nuclei. In: Brubakk AO, 64 
Kanwisher J, Sundnes G, eds. Diving in animals and man. 
Trondheim: Tapir Publishers; 1986. p. 131-64.
Liebermann L. Air bubbles in water. 65 J Appl Physics. 
1957;28:205-11.
Shaul PW. Regulation of endothelial nitric oxide synthase: 66 
location, location, location. Annu Rev Physiol. 2002;64:749-
74.
Gaskins N, Vann RD, Hobbs E. Surface tension and 67 
bubble formation in agar gelatin. Undersea Hyperb Med. 



Diving and Hyperbaric Medicine  Volume 39 No.3 September 2009 169

2001;28[Suppl]:56. 
Hjelde A, Koteng S, Eftedal O, Brubakk AO . Surface tension 68 
and bubble formation after decompression in the pig. Applied 
Cardiopulmonary Pathophysiology. 2000;9:47-52.
Haram PM, Kemi OJ, Lee SJ, Randheim MØ, Al-Share Qy, 69 
et al. Aerobic interval training vs. continuous exercise in the 
metabolic syndrome in rats artificially selected for low aerobic 
capacity. Cardiovasc Res. 2009;81(4):723-32. 
Dong H, Xiong L, Zhu Z, Chen S, Hou L, et al. Preconditioning 70 
with hyperbaric oxygen and hyperoxia induces tolerance 
against spinal cord ischemia in rabbits. Anesthesiology. 
2002;96(4):907-12.
Matouk CC, Marsden PA. Epigenetic regulation of vascular 71 
endothelial gene expression. Circ Res. 2008;102[8]:873-87.  
Wang JS, Chow SE, Chen JK. Strenuous, acute exercise affects 72 
reciprocal modulation of platelet and polymorphonuclear 
leukocyte activities under shear flow in men. J Thromb 
Haemost. 2003;1(9):2031-7.
Gill JM, Hardman AE. Exercise and postprandial lipid 73 
metabolism: an update on potential mechanisms and 
interactions with high-carbohydrate diets (review). J Nutr 
Biochem. 2003;14(3):122-32.
Park DH, Ransone JW. Effects of submaximal exercise on 74 
high-density lipoprotein-cholesterol subfractions. Int J Sports 
Med. 2003;24(4):245-51.
Ou J, Fontana JT, Ou Z, Jones DW, Akerman AW, et al. Heat 75 
shock protein 90 and tyrosine kinase regulate eNOS NO* 
generation but not NO* bioactivity. Am J Physiol Heart Circ 
Physiol. 2004;286(2):H561-9.
Medbye C, Bye A, Wisloff U, Brubakk AO. Heat shock 76 
increases survival in rats exposed to hyperbaric pressure. 
Diving and Hyperbaric Medicine. 2008;38(4):189-93. 

Siu PM, Bryner RW, Martyn JK, Alway SE. Apoptotic 77 
adaptations from exercise training in skeletal and cardiac 
muscles. FASEB J. 2004;18(10):1150-2.
Gonzalez B, Manso R. Induction, modification and 78 
accumulation of HSP70s in the rat liver after acute exercise: 
early and late responses. J Physiol. 2004;556(Pt 2):369-85.
Huang KL, Wu CP, Chen yL, Kang BH, Lin yC. Heat 79 
stress attenuates air bubble-induced acute lung injury: a 
novel mechanism of diving acclimatization. J Appl Physiol. 
2003;94(4):1485-90.

Submitted: 04 February 2009
Accepted: 24 July 2009

Alf O. Brubakk, MD, PhD, is Director of, and
Andreas Møllerløkken, PhD, is a post-doctoral researcher 
in the Baromedical and Environmental Physiology Group 
(BAREN), Department of Circulation and Medical 
Imaging, Norwegian University of Science and Technology, 
Trondheim, Norway.
Corresponding author:
Alf O Brubakk
Department of Circulation and Medical Imaging
Medical Technology Centre
7489 Trondheim
Norway
Phone: +47-(0)73-598904
Fax: +47-(0)73-598613
E-mail: <alf.o.brubakk@ntnu.no>

The database of randomised controlled 
trials in hyperbaric medicine maintained 
by Dr Michael Bennett and colleagues at 

the Prince of Wales Hospital 
Diving and Hyperbaric Medicine Unit is at:

 <www.hboevidence.com>

The

website is at
www.spums.org.au

Members are encouraged to log in


