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Background :

Dysbaric lllness (DI) — or decompression illness (DCI) * represents a broad range of complex
bubble-related pathophysiological conditions associated with decompression . Although the
primary cause of DI is attributed to gas-phase separation and / or gas bubble migration within
the body, many aspects of its etiology remain unclear '**°. The prevailing understanding is that,
when ambient pressure drops (i.e., decompression) to a point that body tissue inert gas tensions
exceed the ambient pressure (i.e. supersaturation), gas bubbles may appear (i.e., critical
supersaturation). These bubbles may then cause local effects or enter the circulation as venous
gas emboli. They may also eventually enter the systemic circulation as arterial emboli by passing
through pulmonary or cardiac shunts. Alternatively, rapid decompression may precipitate
arterial injection of alveolar gas bubbles as a result of pulmonary barotrauma. Given all these
inter-related mechanisms, the pathophysiological effects of bubbles are both various and
variable, as are their corresponding clinical manifestations. DI should therefore be considered as
part of the differential diagnosis whenever individuals (1) develop immediate-onset neurological
symptoms, even after breathing compressed gas at 100 cm depth (113 kPa) */, or when they
present with a range of abnormal clinical signs and symptoms at any time within 24 hours of (2)
a significant exposure to compressed gas breathing (i.e., following compressed air / -gas diving;
hyperbaric chamber attendant duties; or caisson work) ', or (3) after ascending from sea level
pressure to altitudes greater than 3300 m / 11,000 ft (e.g., flying in an unpressurised aircraft) .
Although the management of all DI follows similar principles, this chapter focuses primarily on
the consequences of compressed gas diving. In addition to the acute manifestations of DI, there
are also concerns about chronic DI, particularly affecting the articular surface in long-bones *°.

Incidence of DI

The exact incidence of DI can only be estimated, because the total number of exposed
individuals (i.e., commercial divers, hyperbaric attendants & recreational divers) and the number
of dives performed, is unknown 2. The international population of recreational divers is now
estimated to be several million whereas there are probably less than 200,000 commercial and
military divers. In lieu of a specific biochemical marker for DI, and with the sensitivity of
radiological and nuclear medical examinations not exceeding clinical observation, diagnostic
certainty of DI is also highly variable “*°. Fortunately, the risk of DI appears to be relatively small,
particularly when appropriate decompression procedures are followed: For open water dives of

Yn English-speaking countries, Decompression Sickness and Decompression lliness represent distinctly different terms as they are
applied in different classifications of gas-bubble disease. This is potentially confusing when translated into other languages. The term
- Dysbaric lliness (D) - offers as some linguistic advantages in this regard. Therefore, in this chapter, DI it is used preferentially as a
synonym for collective term Decompression Iliness (DCI), which encompasses both Decompression Sickness (DCS) and Arterial Gas
Embolism (AGE). Although DI conceivably also includes medical problems associated with compression, its use is strictly limited to
the context of decompression following breathing from a compressed gas source.



moderate duration, the rate of occurrence (per dive) ranges slightly according to the diving
population: 0-015% for scientific divers; 0-01-0:019% for recreational divers; 0-030% for US Navy
divers; and 0-095% for commercial divers ***. Other diving and hyperbaric populations include
technical divers, for whom the incidence of DI is unknown, but seems to vary greatly according
to the depth and duration of the dives performed; for commercial divers in the offshore oil
industry DI is negligible due to slow decompressions from saturation; clinical hyperbaric
chamber attendants, have a DI occurrence rate reported as 0-02% per exposure ****. In altitude
training or flight operations subjects, the rate of occurrence of decompression sickness is usually
mild and below 0-1% per exposure although 2%, anonymous surveys of high-altitude USAF pilots
suggest higher rates and more serious symptoms 2. DI incidence may also be affected by
environmental conditions such as immersion (vs. ‘dry’ diving), exercise, and ambient
temperature **%*!, The effects of increasing age and BMI appear to favour venous gas emboli
formation ***2, whereas the role of gender remains controversial 3334

Clinical presentation of DI

DI can present with both a wide and variable range of signs and symptoms . Certain types
of diving or hyperbaric exposures may favor a specific range of presentations '. However, the
vast majority of exposed subjects are recreational divers. As such, the manifestations of DI, as
summarized in figure 1, are the predominant clinical findings of DI in recreational divers
according to most common initial and eventual manifestations:
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Figure 1: Classification of initial and of all eventual manifestations of decompression illness in 2346 recreational diving accidents reported to
the Divers Alert Network from 1998 to 2004.

*For all instances of pain, 58% consisted of joint pain, 35% muscle pain, and 7% girdle pain. Girdle pain often portends spinal cord involvement.
tConstitutional symptoms included headache, light-headedness, inappropriate fatigue, malaise, nausea or vomiting, and anorexia.

FMuscular discomfort included stiffness, pressure, cramps, and spasm but excluded pain.

§Pulmonary manifestations included dyspnoea and cough.

In special situations (e.g., in saturation diving) DI manifestations may occur during
decompression. However, in recreational divers, most DI cases present shortly after surfacing. In a
review of DI in military divers, 42% of DI symptoms appeared within 1 h of surfacing; 60% in 3 hrs; 83%



in 8 hrs; and all but 2% of cases within 24 hrs *. Central nervous system-related DI may present even
sooner: In a series of 1070 patients, 56% already had symptoms within 10 min, whereas 90% presented
within 4 hrs *. Altitude exposure after diving may cause the onset to be delayed beyond 24 hours “*%.

Standard management (summary) and outcome

Although recompression therapy has been the mainstay of treatment for DI for the past 100 years , it
may not always be available. Lack of access and delays to recompression have allowed the natural
history of DI to be observed *: In general it seems that mild, joint-related pain-only DI abates eventually,
although recompression does expedite resolution ****®. Constitutional manifestations — such as skin
rashes and fatigue — seem to clear without residua unless more serious DI manifestations supervene ****
*_Neurological forms of DI are less predictable, however: There are cases of spontaneous recovery
(especially with cerebral manifestations) but there are a greater number of cases with permanent
disability and paralysis when recompression is not performed promptly, or not at all *. On the other
hand, recompression does not guarantee full recovery from neurological DI — particularly spinal DI —
even when applied relatively promptly after the onset of symptoms *>**’.

Breathing 100% oxygen as a first aid measure is strongly recommended for the first-aid
treatment of DI, and its use is supported by observation that it seems to lower the total number of
recompression treatments required to achieve a clinical plateau **2. Similarly, the infusion of crystalloid
solutions (without glucose) is recommended, based largely on theoretical benefits and observed
hemoconcentration following DI *****°. However, other measures and medications such as aspirin,
colloid solutions, steroids, and heparin are not supported by strong evidence “***!. The use of
lignocaine appears justified for serious neurological DI >, whereas prophylaxis against deep venous
thrombosis (using low molecular weight heparin and compression stockings) is recommended for
paralyzed or immobile divers with DI >*.

Despite theoretical advantages for the head-down position, the consensus is in favour of
horizontal, supine position for managing diving casualties with suspected DI. Oral rehydration should
only be considered in stable, conscious patients with DI, although there is no strong evidence to support
this practice; there is weak evidence, however, that good hydration has a role in prophylaxis of DI ****,

In-water recompression on air is not recommended, but there is growing support for the use of
in-water recompression on oxygen under special circumstances >,
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o Rationale for HBO use

The primary purpose of HBO for the treatment of DI is to reduce the occlusive and compressive effects
of bubbles; to prevent, treat or minimise secondary intra- and extravascular effects; and to eliminate the
offending inert gas. To understand the role of HBO within evolutionary complexity and interrelated
mechanisms involved, the pathophysiology of DI must be considered:

General Pathophysiology of DI:

With decreasing pressure, a threshold is eventually reached where bubbles start to form in the body;
this depends on the amount of inert gas and the extent of decompression. At extreme altitudes, DI
cannot be avoided, even after prolonged oxygen pre-breathing *°. Although decompression bubbles are
traditionally classified as intra- or extravascular, this division may be misleading as it does not describe
the origin of bubbles but rather where they have been observed experimentally. In fact, there is no
conclusive evidence that bubbles actually form directly within blood vessels. Rather, it is believed that
they may be admitted through endothelial gaps as they develop within surrounding perivascular
tissues >°.



Another mechanism for the intravascular appearance of bubbles is by traumatic introduction during
pulmonary barotrauma>. As little as 10% over-expansion of the lungs is enough to cause gas
embolism *”*%, This would occur with an intra-tracheal pressure of 76-80 mm Hg (or 99.2-108 cm H20),
or during a breath-hold ascent (after breathing compressed gas) from only 3 feet (~1 meter) of seawater
to the surface. Although traumatic injection of gas vs. bubbles released by inert gas supersaturation
represent two completely different etiological mechanisms, they are often difficult to differentiate
clinically: physical or radiological evidence of pulmonary injury is often absent in AGE *°, whereas
arterialization of venous gas emboli containing inert gas may result in arterial gas embolization with
clinically indistinguishable results. Over the last 10 years, the potential role of a patent foramen ovale
(PFO) has enjoyed increasing attention. The potential contribution of a PFO towards the type and
probability of DI remains controversial, although there is increasing support for the association between
a large PFO and high cerebral or spinal DI, inner ear DI and cutis marmorata-like skin DI presentations
11,60-65

Although the origin of bubbles may be ambiguous, their effects are more distinct. Intravascular
bubbles embolize tissue causing ischemia ®®; they also traverse the microvasculature (so-called
“transbolism”) and injure endothelium ®; they cause reperfusion injury and vasospasm %. Bubbles can
cause venous stasis, hemorrhage and precipitate plasma protein interactions ® Extravascular or tissue
bubbles disrupt and tear delicate tissues and blood vessels; they can also increase tissue compartment
pressures i.e., cause regional compartment syndromes ’°.

The complexity and controversy regarding the pathophysiology of DI is exemplified by the
division that still exists in the use of two classification systems: one pathological >, and the other
clinical ™. While we do not always know the cause of DI, we must not ignore mechanisms altogether,
thereby being unable to appreciate risk, determine probability of injury and prescribe effective and
rational treatment. Astute clinical observation and focused research must remain the vital tools
for unravelling the mysteries of DI.

Effects of Bubbles on various Tissues and Organ Systems

To consolidate the various mechanisms involved in DI into meaningful clinical entities, it is useful to
observe their effects on known target organs: (1) blood and blood vessels; (2) the lungs; (3) the central
and peripheral nervous systems; (4) the inner ear; (5) the skin and lymphatics, and (6) bones and joints.

Blood and blood vessels

Bubbles are biologically active. They interact with the cellular elements in blood as well as plasma
protein cascades — coagulation, complement, kinin and plasmin. In addition, bubbles denature
lipoproteins, liberating blood lipids "*7*. Blood vessels, on the other hand, sustain damage through
physical contact. This may range from minimal damage to bleeding **>".

Blood: Upon appearance of a bubble in blood, the catalyzing event appears to be the formation
of a plasma-protein coat around the bubble. This bubble “skin” is made up of plasma glycoproteins,
fibrinogen and gamma globulins "*”’. It is a biologically active interface that allows thrombocytes and
white blood cells to become attached ®. In time, activation of platelets leads to aggregation and
coalescence around bubbles with entrapment of other blood constituents. Cellular blood elements —
such as red blood cells — may become entangled in the growing fibrin web. This thickening of the bubble
“skin” may reduce diffusion producing a mechanism for bubble stabilization and survival ”°. General
platelet adhesiveness also increases in response to bubbles. Some studies have reported platelet
depletion following decompression, even in the absence of symptoms *°. However, thrombocytopenia or
anti-platelet therapies do not appear to protect against DI. Also aggressive anticoagulation runs the risk
of precipitating hemorrhage in DI affecting the spinal cord and inner ear ”>’®’®8'_On the other hand, DI
does induce a hypercoagulable state with a high risk of thromboembolism aggravated by paralysis; this




should be actively prevented *. The activation of platelets and Hageman Factor also leads to activation
of inflammatory cascades. Leukotrienes are released while the presence of gamma-globulin on the
bubble skin, combined with the products of complement activation, attract white blood cells to the
area ®2. Leukocytes may interact directly with the bubble or with damaged endothelium. The relevance
of inflammation in DI underlies the recommended use of anti-inflammatory agents and, more recently,
of lidocaine ®. Lidocaine also has leukocyte anti-adherent properties >***. DI has also been shown to
result in elevations of blood lipid levels with as yet undefined clinical implications . While the role of
various elements in blood in DI has become downplayed in recent literature, the significance has not
disappeared: The search continues to find safe and effective drugs or interventions that may attenuate
the various pathophysiological events following exposure to bubbles. Recently research on nitric oxide
donors and exercise have suggested that they may have a modifying role in vivo .

Blood vessels: The injection of 10-20um bubbles into the carotid artery of a guinea pig has been
shown to cause visible damage to the luminal surface surfactant layers of endothelial cells 2. This form
of injury may result in alterations in vasomotor tone, precipitate platelet or leukocyte adhesion, and
cause failure of the blood-brain barrier. In more extreme cases endothelial cells may actually be
stripped, exposing the basement membrane to plasma proteins and platelets as well as adding bioactive
cell remnants to the blood .

The Lungs
Unlike pulmonary barotrauma, pulmonary Dl is an intravascular occlusive bubble disease. It results from

the passage of venous gas emboli through pulmonary capillaries. The peri-alveolar network of capillaries
serves as a trap for venous gas emboli. However, if the amount of gas is excessive, it may cause cardiac
air locking and pulmonary outflow obstruction or microvascular obstruction with vasoconstriction,
endothelial damage, inflammation, capillary leak and pulmonary edema — “the chokes”. The pulmonary
“bubble trap” may also be overcome by massive embolization or be bypassed via broncho-pulmonary
shunts, arterio-venous fistulae, or intra-cardiac shunts. A reduction in the diameter of circulating
bubbles — such as by repetitive diving or “yoyo” diving — may allow bubble passage through the
pulmonary capillary beds. All of these mechanisms may lead to arterialization of bubbles — so-called
paradoxical gas embolism. The latter provides an attractive theoretical explanation for the poorly
understood associations between “chokes”, patent foramen ovale, and DI of the central nervous system
and skin 8%,

The Nervous System

Approximately two thirds of DI affects the nervous system “%. Although clinical features may be
ambiguous a distinction is made between three potential locations of injury: (1) the spinal cord, (2) brain
and (3) peripheral nerves ***°. In each case, the primary mechanism may be vascular (embolic) or extra-
vascular. A review of 1070 cases of neurological decompression sickness by Francis et al supports the
probability of multiple mechanisms with varying latencies **%.

Spinal Cord: Four etiological theories have evolved to reconcile the varying observations of
onset time, severity, response to therapy, and histopathology. They are (1) gas embolism; (2) venous
infarction; (3) autochthonous (“in situ”) bubbles; and (4) hemorrhage or inflammation **%. Gas
Embolism: The first theory for DI of the spinal cord was developed by Boycott and Damant. Lesions in the
spinal cord of goats were found to consist, almost entirely, of white matter lesions *°. Indeed human
pathology, although rarely observed in this mostly non-fatal condition, has also shown similar punctate,
white matter lesions and hemorrhage. However, embolic injury to the spinal cord is, generally speaking,
very rare. This is believed to be due to the relative difference in blood flow favoring embolization of the
brain. Experimental spinal cord embolism has also been shown to produce ischemic grey matter
pathology ratherthan white matter lesions®. Toconfuse the matterfurthera type of DI
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was identified that began as rapid onset cerebral arterial gas embolism but then evolved into a
particularly resistant form of spinal injury. This has been called “combined”, “concurrent” or “Type llI
decompression sickness” **?*°*_ Although the exact mechanism is still unknown, the predominant theory
is related to growth of arterial gas emboli in tissues saturated with inert gas. Recently a so-called
ternary animal model has been proposed in an effort to reconcile these findings . Venous Infarction: In
1975, based on Batson’s experiments on tumor embolization via epidural veins % Hallenbeck et al
postulated that DI of the spinal cord was due to bubble accumulation in the epidural venous plexus with
subsequent venous infarction of the spinal cord. Although confirmed in extreme decompression ®°7%,
loss of function only occurred after several minutes and therefore did not offer an explanation for ultra-
short-latency disease. In addition, the pattern of DI was different to that observed in other causes of
venous infarction of the spinal cord that typically affects the central grey matter '®. Autochthonous
Bubbles: Francis et al proposed that rapid-onset spinal cord damage may be related to spontaneous
bubble formation in the spinal cord white matter ®. He felt that this was the only mechanism that could
explain both the rapid onset and the distribution of lesions observed in the spinal cord. In his classic
experiment, the spinal cord of decompressed dogs was rapidly perfusion-fixed at the moment of
maximal disruption of somatosensory evoked potentials. He consistently found extravascular, non-
staining space occupying lesions in the white matter which he attributed to gas that had evolved in the
solid tissue — there are known as autochthonous bubbles **®°. The puzzling piece is how these small,
scattered and isolated space occupying lesions (making up no more than 0.5% of the spinal cord and
being no more than 20-200um in diameter) are able to produce such catastrophic clinical effects ***.
It has been postulated that autochthonous bubbles could account for loss of function if more than 30%
of the axons became dysfunctional due to direct injury, stretching or compression, inflammation,
biochemical injury or hemorrhage. In support of this, Hills et al has also shown that small lesions (able to
increase the spinal cord volume by 14-31%) can cause an increase in tissue pressures with a resulting
spinal compartment syndrome '®>. Hemorrhage and _Inflammation: In his studies on autochthonous
bubbles, Francis made three important additional observations '®*: (1) animals that only developed
abnormalities after 30 minutes had no demonstrable space occupying lesions suggesting another
mechanisms for the dysfunction; (2) animals sacrificed sometime after the development of rapid-onset
dysfunction no longer had bubbles suggesting that they are temporary; and (3) the histological
appearance of spinal cords from dogs with late-onset spinal symptoms was similar to that of spinal
embolism or ischemic lesions **. Interestingly in the animals harvested sometime after rapid onset
illness, hemorrhage and inflammation were observed in the same areas where autochthonous bubble
injuries were seen in those harvested early. This could explain why some cases of rapid onset spinal cord
DI appear resistant to recompression and would suggest caution in the use of anti-coagulants in DI of the
spinal cord. Intriguingly, all of the mechanisms appear to converge within a particular area: a c-shaped
area around the spinal cord grey matter. This area represents a watershed zone between the anterior
and posterior spinal cord circulation and would therefore be susceptible to both inert gas accumulation
as well as subsequent bubble-related ischemia. The cervical and lumbar enlargements are particularly
vulnerable and also correspond to the areas of greatest clinical importance in DI. It is unlikely that one
single mechanism can account for the wide variety of latencies and presentations of DI of the spinal cord
and the decompression schedules leading to them. Rather it is probably the result of several interacting,
compressive-ischemic mechanisms. DI of the spinal cord should be thought of as a spectrum of cause-
and-effect over a 48-hour time-continuum. It is interplay between various distinct, yet synergistic
pathophysiological processes - some of which are amenable to recompression and adjunctive medical
therapy and some which, unfortunately, are not. Finally, in spite of the disturbing vulnerability of the
spinal cord, it has a remarkable capacity of recovery. Many divers with residual deficits after
recompression therapy continue to improve for years afterwards. However, this does not indicate that
the injury has been reversed, only that the body has compensated for it **#%.




Brain: Cerebral, cerebellar and brain stem-related decompression disorders differ from those of
the spinal cord in that there is no experimental evidence suggesting autochthonous or venous stasis
mechanisms. Accordingly, greater emphasis is placed on embolic and inflammatory mechanisms. Brain
DI has a very short latency. In the review by Francis, 75% of the 311 cerebral DI cases became
symptomatic within 10 minutes (even with all cases of overt pulmonary barotrauma specifically
excluded) *®. This leaves paradoxical gas embolization as an attractive alternative possibility. Clinical
Features Systemic Gas Embolism (SGE): Gas embolism is by its nature a systemic disease although
clinically it primarily affects the myocardium and the brain. While coronary embolism may account for
some diving fatalities, it is not associated with long term morbidity. Cerebral events, on the other
hand, are associated with both short term mortality and long term morbidity. SGE gain access to the
cerebral circulation via the carotid and vertebral arteries that converge at the base of the brain forming
the circle of Willis. Depending on the volume of gas and region of the brain involved the clinical outcome
of gas embolism ranges from instant death to spontaneous uneventful recovery. Relapses have been
reported in up to 30% of patients with arterial gas embolism following submarine escape, irrespective of
preceding or concurrent recompression %, A subset of patients may also suffer subclinical damage
only visualized by medical imaging **. Irrespective of the cause, the ultimate outcome of cerebral gas
embolization appears to depend on the anatomical location, gas volume, delivery rate, pre-embolic gas
saturation as well as co-morbid factors such as hypotension or dysfunction of vital centres.

Peripheral Nervous System: The peripheral nervous system may be affected by decompression
injuries anywhere from the posterior horn of the spinal cord, to the mixed nerves, brachial or lumbar
plexus, and cutaneous or muscular innervations. The most important considerations are differential
diagnosis and prognosis. Clinically it is important to differentiate benign, peripheral sensory
manifestations of possible DI from serious, spinal DI or from unrelated, compressive oligoneuropathies.
The prognosis for peripheral manifestations is usually good.

Inner Ear

The inner ear appears to be uniquely vulnerable to DI, particularly in technical diving . There are
four dominant theories for the clinical and pathological findings associated with DI of the inner ear. They
are: (1) explosive / hemorrhagic injuries; (2) counter diffusion; (3) gas induced osmosis; and (4) vascular
emboli °*°®. Explosive / hemorrhagic injuries: In 1980, Landolt et al found hemorrhage in the inner ear of
squirrel monkeys subjected to rapid decompression from saturation *°. Three years later Venter was
able to show an implosive injury of the semi-circular canals as the cause for the hemorrhage '. The
mechanism, they proposed, was one of gas accumulation in temporal bone osteoclast pockets that then
explosively ruptured into the inner ear during decompression. Money subsequently found evidence of
the same type of injury in a diver who died 56 days after left inner ear DI **%. This mechanism is plausible
for deep mixed gas diving, but less convincing for inner ear DI following shallower dives *“**. Embolism:
Blood supply to the inner ear is end arterial and consequently prone to embolic or vascular injury.
Embolic disturbance has been shown in cardiac bypass surgery, but how this relates to diving remains
uncertain 2. Counter-diffusion: This theory entertains the possibility that counter-diffusion can occur
under conditions where the inert gas in the middle ear differs from that in the breathing mixture.
Diffusion through the round or oval window could result in accumulation of inert gas with bubbling,
resulting in deafness or vertigo. This theory has developed due to a high prevalence of inner ear DI in
helium-oxygen and mixed gas divers **. Counter-diffusion may also occur within the partitions of the
inner ear itself. The vascularity of the inner ear is not uniform: the stria vascularis supplies the
endolymph directly and from there inert gas would diffuse to the perilymph. Therefore, with gas
switching, it is possible that the endolymph could rapidly take up a new inert gas, e.g. helium, before the
perilymph has had time to eliminate the former inert gas. Bubbles could then form within the
endolymph with disruption of function and even rupture '**. Gas-induced Osmosis: Finally, by a similar
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mechanism, inert gas accumulation in the endolymph could result in gas-induced osmosis: an osmotic
fluid shift towards the endolymph resulting in a form of hydrops endolymphaticus analogous
to Meniere’s disease ™°.

Skin

Skin bends or DI of the skin may present in a variety of ways with varying etiologies and clinical
significance. “Diver’s Lice”: This erythematous rash usually presents in association with dry chamber
dives or the use of dry suits. The hypothesis is that inert gas enters the skin directly and causes dermal
bubbles with histamine release upon decompression. The condition can be avoided by not having gas
skin contact, or by heating the skin during decompression. It is not considered serious in the absence of
other findings, and does not require recompression. Cutis Marmorata: A more significant form of DI of
the skin is called cutis marmorata or skin marbling. Although the condition itself is benign, its association
with pulmonary and neurological DI requires careful consideration. Experimental work in pigs has shown
that this pattern of illness is associated with venous congestion, inflammation, leukocyte adherence and
endothelial damage '®. No bubbles have been visualized, but the manifestations usually resolve
promptly with recompression. Counter-diffusion: A rare type of DI may result from exposure to different
inert gases, such as helium and nitrogen. Diffusion-related gas accumulation may occur when one gas is
in contact with the skin, while another is breathed ****/.

Musculoskeletal

Some of the first descriptions of DI or “the bends” involved painful joints Even today,
musculoskeletal pain it is the most common presenting complaint >. There are two bone and
joint conditions associated with DI: acute musculoskeletal DI and dysbaric osteonecrosis. Acute
Musculoskeletal DI: Although joints, and musculo-tendinous attachments have similar blood supply, it is
noteworthy that ‘bends’ pain only appears to affect long bones of the appendicular skeleton — not the
axial skeleton. Adult long bones contain a fatty marrow cavity that could be a reservoir for inert gas and
predispose to DI. Axial bones largely contain hemopoietic tissue which appears to be unaffected by
decompression. Another interesting feature of ‘bends’ pain is that it is influenced by pre-morbid
hyperbaric activity. In a review of more than 19,000 cases, Sowden found that bounce divers and pilots
primarily developed shoulder pain, whereas saturation divers and caisson workers developed knee
pain *°. There are many theories but little evidence to explain this phenomenon. There are four
theories for bubble-related pain in bones and joints. They involve stretching of nerve endings or
inflammation occurring (1) within joints; (2) around the joints, such as within tendons and muscle; (3)
within bone, due to gas expansion within fatty marrow, the medullary cavity and bone sinusoids (a
phenomenon also associated with cancer-pain), and; (4) as a result of referred pain, either due to an
injury to the nerves or nerve roots associated with the joint, or due to a generalized release of
inflammatory modulators with flu-like symptoms and poly-arthralgia. Intra- and periarticular pain
associated with decompression can usually be localized and is of a non-serious nature. There is a trend
towards treating these conservatively although they respond well and promptly to recompression.
Referred pain is part of the neurological spectrum of DI that has been considered elsewhere. What
remains, is medullary pain. The discovery of sinusoid innervation has led to the concept of a venous
congestive mechanism for cancer and osteoarthritic bone pain *>***. This sinusoid congestion pain
theory is also attractive as an explanation for ‘bends’ pain as it addresses several clinical phenomena: (1)
the deep, poorly localized, boring pain; (2) relief achieved by the local application of pressure (e.g.,
inflating a BP cuff over the affected area thereby achieving temporary relief as the inert gas bubbles are
compressed a transient increase in tissue pressure); and (3) a gravity-related distribution of
manifestations in the various patient subgroups. Although there is no scientific association between
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medullary pain and dysbaric osteonecrosis, it is usually viewed as a more serious form of
musculoskeletal DI and recompression is recommended.

Dysbaric Osteonecrosis (DO): DO appears to affect predominantly saturation divers and caisson
workers'??'? although cases have been reported in military and recreational divers, sometimes years
after even a single exposure 22%12612 Again it appears to be the appendicular skeleton that is at risk,
particularly the humoral head, femoral head and juxta-articular area of the distal femur and proximal
tibia*>*?’. Lesions in proximity to the femoral and humeral head may be symptomatic and may
eventually become disabling whereas femoral and tibial shaft lesions remain asymptomatic. The
guestion remains why it is only certain types of diving that predispose to this disease, and why these
areas are so uniquely vulnerable 123126127130,

Recompression & HBO2:

For the purpose of clarity it is necessary to state that, although HBO2 is a form of recompression (i.e.,
elevation of ambient pressure), all recompression is not HBO2, technically speaking (i.e., breathing 100%
oxygen under increased ambient pressure in a hyperbaric chamber): HBO2, by definition, is limited to
100% oxygen breathing between 1.5 and 3 atmospheres absolute; recompression can involve any
pressure and any oxygen-gas mixture.

Depending on delay to recompression and the respective tissues affected by DI, recompression
or HBO2 may offer different therapeutic effects: Generally speaking, prompt recompression commenced
shortly after appearance of first DI manifestations is a direct, bubble-directed therapy. After 6 to 12
hours, recompression is still indicated, but by then it becomes more of an indirect, bubble-damage-
directed therapy (i.e., anti-ischemic, anti-hypoxic, anti-reperfusion, anti-lipid peroxidation, anti-edema,
anti-apoptotic, and anti-inflammatory).

Recompression on oxygen has been proposed for the treatment of DI in humans since 1939
has been used extensively in animal models of DCI with superior outcomes*®*3***,

Most hyperbaric facilities initially treat DI using the US Navy Treatment Table 5 (USN TT5) for
mild, rapidly-resolving, joint pain-only DI or US Navy Treatment Table 6 (USN TT6) or its equivalent, with
or without extensions, for all other forms of DI . USN TT5 has fallen into disfavor as a primary treatment
due to several cases where undiagnosed neurological manifestations were inadvertently undertreated
resulting in legal claims. Most DI cases also arrive at the recompression facilities hours after the onset of
symptoms. As such, the secondary aspects of bubbles — such as inflammation — are more significant and
less likely to respond adequately, and more likely produce a recurrence of symptoms when a short
treatment is used. However, depending on the severity, it is quite acceptable to treat residual symptoms
with USN TT5, USN TT6 or even HBO2 tables (e.g., USN TT9 or its equivalent) for the sake of
convenience. More sophisticated recompression schedules (i.e., pressures greater than 3 atmospheres
or gas mixtures) are recommended only under special conditions **°. These may include situations where
there is further deterioration of DI manifestations after recompression to 2.8 atmospheres (i.e., the
diver is already on USN TT6); or if DI occurred due to very deep, technical diving ****’. Other situations
may include inner-ear DI associated with Trimix (i.e., oxygen, nitrogen and helium mixtures) that are
sometimes treated with 50:50 oxy-helium at 4 atmospheres on the COMEX 30 table ***, and the 6A1M
table (i.e., a progressive recompression schedule starting on USN TT6 for 20 minutes, then transferring
to Comex 30, and then USN TT4 due to ongoing deterioration) for e.g., severe spinal DI **°. Saturation
diving-related DI, requires completely different management >’ . However, for typical, surface-oriented,
air or nitrogen-oxygen diving, there is no definitive evidence that HBO2 at 2.8 ATA in the form of USN
TT6 (with or without extensions) is less effective than recompression at greater pressures and on
different mixtures “*, although a recent workshop by the South Pacific Underwater Medicine Society
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has issued conditional recommendations for the Comex 30 oxy-helium table %!

rigorously-performed, comparative trials for different recompression schedules

Delay to treatment potentially affects DI outcomes *>2%#714%%. rasidual DI symptoms increase
the longer recompression is delayed *****®. Nevertheless, good results are still recorded up to 12 hours
after serious DI ***, and the routine use of recompression to 2.8 atmospheres on oxygen (i.e., USN TT6) is
recommended even when the delay has been several days, though generally less than 1-month %%,

In-water recompression on oxygen may be justified in special situations when transport to a
recompression facility is impractical, but on the condition that it can be performed safely *°***>. The use
of conservative treatment (i.e., non-recompression) may also be reasonable in mild, non-progressive
cases of DI, if neurological manifestations have been excluded by proper medical assessment >**°¢¢%,
New therapies and technologies utilizing neuroprotection, perfluorocarbons or extracorporeal bypass for
severe pulmonary problems are still under investigation >>**1%,

. There are very few
1,40

o Evidence-based review of HBO2 use:

Essential Summary:

Medical literature is replete with animal studies, human cases, and case series of recompression for DI.
Recompression has been considered the standard of care for DI for the past 100 years. As such,
controlled trials on treatment of DI without recompression would be ethically questionable in much the
same way a no-HBO?2 trial for gas gangrene would be. However, it is ethically possible to compare DI
outcomes utilizing different recompression pressures, durations, gas-mixtures and adjunctive therapies.
The difficulty, though, is that Dl is relatively rare and its presentation and evolution are highly variable.
As such, achieving matched populations is challenging and requires an international, multi-centre trial.
Even then, for this to be successful there would need to be a universally agreed, rigorously standardised,
detailed categorization system for DI type and severity. Several attempts have been made and the
process is ongoing. Unfortunately, not unlike the situation with multiple sclerosis, standardised
assessment of DI has remained an elusive goal. One of the most promising adjunctive treatments for DI,
lidocaine, eventually succumbed to the impracticability of achieving the required number of subjects at
this level of consistency. Unless the situation changes, significant progress is unlikely.

The current state of evidence-based treatment for DI is summarised in the Cochrane Database
for Systematic Review which has been updated twice ***’. The Cochrane review process included
CENTRAL (The Cochrane Library, October 2011); MEDLINE (1966 to October 2011); CINAHL (1982 to
October 2011); EMBASE (1980 to October 2011); the Database of Randomised Controlled Trials in
Hyperbaric Medicine (October 2011); as well as hand-searched journals and texts. All randomized
controlled trials — irrespective of language — that compared the outcome of any recompression
schedules or adjunctive therapies with a standard recompression schedule, were included. The authors
extracted the data independently and each trial was reviewed for internal validity. Ultimately, only two
randomized controlled trials satisfied the inclusion criteria with a total of 268 patients ****'®®, Pooling of
data was not possible, however, as the trials were completely different.

The risk of bias for the oxygen vs. oxy-helium trial was indeterminate as study was presented as
an abstract '®®. The odds of multiple recompressions were lower with oxy-helium compared to an
extended USN TT6 (Relative Risk [RR]: 0.56; 95% CI: 0.31-1.00; p = 0.05).

The trial comparing the effect of tenoxicam on recompression for pain-only DI was considered
low risk for bias *. The impact of adding a non-steroidal anti-inflammatory drug (tenoxicam) to routine
recompression therapy did not show improved outcome at 6 weeks (RR: 1.04; 95% Cl: 0.90-1.20, p =



0.58), but the average number of recompressions was lowered from 3 to 2 when tenoxicam was added
(p =0.01; 95% Cl: 0-1).

In summary, the author’s conclusions were that, although recompression therapy is considered
standard of care for the treatment of DI, there is no randomized controlled trial evidence for its use. The
addition of a non-steroidal anti-inflammatory drug (NSAID) for pain-only DI, and the use of oxy-helium
might reduce the number of recompressions required. However, neither improved the odds of recovery.
The modest number of patients also imposes limitations. A rigorous, large randomized trial is
recommended to assess different breathing gases and pressure profiles during recompression therapy
within a framework of cost-effectiveness. Until then, either USN TT6 or oxy-helium tables remain
appropriate for the initial treatment of DI in surface-oriented diving. Deeper tables should be used with
caution and only in hyperbaric facilities capable of providing prolonged life-support.




Additional Background and summary of the current ECHM & UHMS Guidelines for recompression
treatment and adjunctive treatment of DI *%'7°

e In 1994, the European Committee for Hyperbaric Medicine (ECHM) organized its first European
Consensus Conference, where Dl was one of the topics %, In 1996 a second, more specific
Consensus Conference was organized * the theme of which was “The Treatment of
Decompression Accidents in Recreational Diving”. Their recommendations regarding
recompression were as follows:

o Decompression accidents are true medical emergencies that should receive the benefit
of dedicated treatment in specialized centres as soon as possible. A specialized centre is
considered a hospital-based recompression facility with permanent and adequately
trained medical and paramedical staff.

o After immediate stabilization and medical evaluation, the victims of a decompression
accident should be immediately directed to the closest specialized centre — (ECHM Type
1 recommendation: strongly recommended)

o In-water recompression should never be performed as the initial recompression - (ECHM
Type 1 recommendation: strongly recommended)

o Hyperbaric treatment, commenced as soon as possible, using 100% oxygen at pressures
not exceeding 2.8 atmospheres absolute (ATA), achieves very good results in more than
80% of recreational DI cases.

o The administration of adjunctive fluid therapy is usually recommended by
diving/hyperbaric medicine specialists in Europe (ECHM Type 1 recommendation:
strongly recommended), whereas the role of other drugs, such as steroids and anti-
coagulants remains controversial (Type 3: recommendation: optional).

o Minor decompression accidents (pain only) can be treated with oxygen recompression
tables at 18 meters depth maximum. (Note: this is based on the experience and the good
results observed in commercial diving) - (ECHM Type 1 recommendation: strongly
recommended)

o For more serious decompression accidents (e.g., neurological and vestibular accidents),
there are presently two acceptable protocols:

=  Oxygen recompression tables at 2.8 ATA (with or without extensions)

= Hyper-oxygenated breathing mixtures at 4.0 ATA (50:50 oxy-helium or Nitrox as
per Comex 30 Table or derivatives)

= As for pressures exceeding 4 ATA:In lieu of scientific evidence, no specific
recommendations can be made at this stage regarding the optimal PiO, (i.e., the
range of 1.26 ATA [i.e., Air] to 3.0ATA [i.e., 50:50 Nitrox]at 6 ATA)nor on
the preferred choice of diluent inert gas. Familiarity, availability and experience
may affect decisions, but under no circumstances should the lack of availability
of gas mixtures preclude or delay treatment by means of “low pressure oxygen
tables” - (ECHM Type 1 recommendation: strongly recommended).

o Compression to 6 ATA in case of Cerebral Arterial Gas Embolism is optional, with the
proviso that this be performed using mixed gas (50:50 or 60:40 Nitrox) and not
compressed air and only if the delay to recompression is no more than a few hours -
(ECHM Type 3 recommendation: optional). Again there are no data guiding the maximum
pi0, or the maximum delay within which this therapy is still considered appropriate.




o In case of severe, persistent clinical signs, during the initial recompression, the
continuation of treatment with a therapeutic saturation table may be useful — (ECHM
Type 3 recommendation: optional)

o All decompression accidents should recorded in a standardized way for the purpose of
compiling an epidemiological database.

Adjunctive therapy (including first aid) began to be emphasized in the late 60’s and 1970’s. Then,
in 1979 the Undersea Medical Society organized a workshop on the management of severe and
complicated cases of DI, where the importance of hydration, steroids, heparin, aspirin and other
agents were discussed **%°*1**1% Following the ECHM Consensus Conference in 2004, and
after extensive presentations by leading international experts, the two International Juries
brought forth the recommendations which have formed the current standards for the treatment
of DI in Europe: The 7th ECHM Consensus Recommendations for Adjunctive Therapy and First
Aid for DI are therefore as follows: *”°
o On-site 100% oxygen first aid treatment (ECHM Type 1)
o On-site fluid administration — oral (if appropriate) or IV — (ECHM Type 1)
o Therapeutic recompression must be initiated as soon as possible (ECHM Type 1)
o Adjunctive pharmacological treatment remain controversial (ECHM Type 3) but:
= LV. crystalloid fluid therapy is recommended (ECHM Type 1)
= The use of steroids and anticoagulants is considered optional (ECHM Type 3)
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Greater details of the ECHM 2004 Recommendations for Recompression & Adjunctive Treatment are
summarised below in Table 1

On Site

First Aid Recommendation Evidence level
On Site First Aid = Oxygen 100% Type 1 C
On Site First Aid — Fluids (oral) Type 1 C
On Site First Aid = Fluids (1V) Type 1 C
No In-Water Recompression Type 1 C
Hospital-based Therapy

HBO Recommendation Evidence level
Hyperbaric Tx Hyperoxygenated Tables Type 1 C
Recompression with other Tables (USN 6A, Sat) for | Type 3 C
CAGE** or recalcitrant cases

Fluids

Fluid Therapy in General (Hospital Based) Type2 C
No Fluid Therapy DSW Type 1 C
Fluid Therapy LR/crystalloids(Pain only/mild) Type 2 C
Fluid Therapy LR/crystalloids (Chokes) Type2 B
Fluid Therapy LR/erystalloids (Neuro DCI) Type 1 C
Fluid Therapy LR/crystalloids (AGE) Type 2 B
Fluid Therapy Colloids (Pain) Type 1 C
Fluid Therapy Colloids (Chokes) Type 2 C
Fluid Therapy Colloids (Neuro) Type 1 C
Fluid Therapy Colloids (AGE) Type 2 C
Drug Therapy Recommendation Evidence Level
Life Support Drug Therapy Type 1 C
Drug Therapy in General Type 3 C
Aspirin Type 3 C
NSAIDs (AGE and Chokes) Type 3 C
NSAIDs (pain only & neurological) Type 3 C
Anti-coagulants(AGE Neurological )* Chokes) Type 3 C
No Anticoagulants (pain only) Type 1 C
Anticoagulants (DVT prevention leg immobility)* Type 1 A
No Corticosteroids Type 1 C
Lidocaine (AGE) Type 2 B
Lidocaine (neuro DCS) Type 3 C
No Lidocaine (pain only. chokes) Type 1 C

* avoid complete decoagulation
** The use of USN 6A table should be limited to cases of CAGE caused by emergency ascent procedure without
any previous compressed gas exposure leading to gas tissue supersaturation.

Table 1: ECHM 2004 Recommendations for Recompression & Adjunctive Treatment

e Patients selection for HBO2

The diagnosis of Dl is based on a history of exposure to breathing compressed gas, and the appearance
of clinical manifestations within 24-hours of the exposure “'°>. Patients manifesting these manifestations
may be selected for recompression or HBO2 **>*’°, Although the goal is to commence recompression as
soon as possible, delays of several hours are not unusual, and there may be benefit in providing HBO2
even after several days >’

e Current protocol
The current international consensus is that USN TT6 (4h45) should be used as the preferred initial
treatment table for DI resulting from air or oxygen-nitrogen, surface-oriented diving *"*%4969170,

For mild, non-neurological or joint-pain only DI, the shorter USN TT5 may be used if the delay to
recompression has been brief (< 4 hours); if all pain-only or constitutional symptoms have disappeared
completely within 10 minutes; and only if the presence of neurological DI manifestations have been



excluded by appropriate medical neurological examination. If not, the USN TT6 should be used as a
minimum. USN TT5 is also appropriate for omitted decompression (i.e., violation of decompression
schedules prior to the onset of probable DI) *. Minor decompression violations may be addressed
adequately with 100% normobaric oxygen and oral rehydration.

If, on completion of the extended USN TT6 some residual neurological symptoms remain,
additional recompression may be undertaken, typically within 4 to 24 hours depending on the situation
LAL149189 " If the residual neurological symptoms are significant, an additional 1 to 3 USN TT6’s may be
justified to achieve a clinical plateau. If there are neurological manifestations, extension of the table (up
to 8h10) is appropriate. The option of using the COMEX 30 table has been mentioned previously **%.

The objective of recompression is to achieve the best, stable, functional level of recovery (i.e.,
mental-, psychomotor-, and bowel & bladder function), bearing in mind that compression and
elimination of bubbles (which could be prompt if recompression is not delayed) may not necessarily
reverse the bubble damage (e.g., bleeding, which may even be unresponsive to recompression or
require time to heal).

Peer-review is recommended after 4 USN TT6’s or more than 14 days of recompression therapy
169,170

e Cost impact

The largest international experience with the cost of treatment of DI is that of Divers Alert Network *.
On average treatment of DI approaches €3500 per case. This does not include the cost of transportation,
aeromedical evacuation, hospitalization, and any special investigation.

e Conclusion:

Dysbaric lliness is generally considered a benign condition. If adequate treatment is started
promptly, the success rate is in excess of 80 - 90%.

There is universal consensus that 100% oxygen should be administered immediately as the single
most important first aid treatment of any DI case related to surface-oriented diving, and that
rehydration is a very valuable first aid measure. Hyperbaric treatment should be started within the
shortest possible delay from the onset of the first DI signhs and symptoms.

Hyperbaric Treatment tables using 100% Oxygen at environmental pressures not exceeding
2.8 ATA ensure very good results in the vast majority of cases. There is no strong evidence that
other more complex therapeutic schemes achieve better results in surface-oriented and particularly
air diving.

For other forms of diving there are guidelines on the use of higher pressures and breathing gases
other than 100% oxygen, but experience and appropriate infrastructure is required to perform this
safely and effectively.

Although conclusive scientific evidence is lacking for many adjunctive modalities, the administration
of fluid therapy is considered very important and generally recommended by diving and hyperbaric
medicine specialists. The role of other drugs, such as steroids and anticoagulants, although widely used
without any apparent adverse effects, is still controversial.

For neurological DI cases with significant residual deficits, continuation of hyperbaric oxygen
therapy in combination with a dedicated rehabilitation protocol is considered important; thereis
growing scientific evidence that it can contribute significantly to achieving a better functional recovery.

The Consensus Conference System of the ECHM, over the last 10 years, has produced literature that
is consistent with international evidence-based medical approaches on matters concerning diving
medicine and the treatment of DI. These have now been adopted by the European Union Countries as
the common standard of practice.



There are several important areas in need of research, namely: the relationship between gas
separation and DI; the relationship between clinical symptoms and the severity of the disease; the
relationship between initial clinical onset, treatment results and permanent sequelae; the reason for
the large variation in individual susceptibility to DI; the life time of gas bubbles;and
the actual incidence of DI. These questions will remain unanswered unless a focused, coordinated and
concerted effort is made to solve them. It is hoped that Consensus Conferences and Workshops will
continue to pave the way towards uniformity of practice and collaborative research efforts.

In closing, we:

e recommend the use of the supine position (ECHM Type 2); 100% normobaric oxygen first aid
(ECHM Type 1); intravenous fluid resuscitation with non-glucose containing crystalloid solutions
(ECHM Type 1); hyperbaric oxygen therapy / recompression therapy tables (USN TT5 & 6 or
equivalent) for the initial treatment of DI (ECHM Type 1); appropriate HBO2 / recompression tables
for residual manifestations of DI (ECHM Type 1); and the use of low-molecular weight heparin for
the prophylaxis of deep venous thrombosis for immobile or paralysed cases of DI (ECHM Type 1);

e consider it reasonable to use lignocaine / lidocaine and oxy-helium recompression tables for
serious neurological DI (ECHM Type 2); and oral tenoxicam for appropriately selected DI cases
(ECHM Type 2).
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