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Underwater diving is increasingly popular; the number of recreational divers per capita varies from 5% in New Zealand, to 2.5% in Australia, to 1% in the United States of America, and to 0.1% in the United Kingdom.  Because humans are poorly-adapted marine mammals, this diving is occasionally injurious.  These injuries can be divided into those that are and are not related to pressure.  The former includes decompression sickness and arterial gas embolism, barotrauma and various gas toxicities and narcoses.  The problems that are independent of pressure include drowning, hypothermia and dangerous marine animals.





The Etiology of Decompression Sickness and Arterial Gas Embolism





Virtually any decompression that causes gas tensions in a tissue to exceed ambient pressure may induce a decompression illness.  Although seen in occupational divers, Caisson-workers, aviators and astronauts, such illnesses are more frequently encountered in recreational divers.  A reduction in ambient pressure of 10% or more may damage the lungs and release arterial bubbles.  Again, this is usually seen in (trainee and novice) recreational divers.


Using Australian data, the approximate incidence of decompression illnesses in recreational divers is 1:15,000 dives.  The associated mortality rate is between 1:150,000 and 1:250,000 dives.





The Nomenclature of Decompression Sickness and Arterial Gas Embolism





Historically, decompression sickness has been distinguished from that arterial gas embolism which results from pulmonary barotrauma.  Since 1960, decompression sickness has been divided into Type 1 (mild; pain, itch, swelling, skin rash) and Type 2 (serious; all other manifestations), and since 1986, also into Type 3 (combined features of decompression sickness and arterial gas embolism) categories.


By convention, arterial gas embolism is presumed whenever neurologic symptoms onset soon after a decompression or where there are concurrent neurological deficits and obvious lung damage.  However, concordance between experienced physicians in distinguishing arterial gas embolism from decompression sickness is low.  Similarly, the distinction between Type 1 and Type 2 decompression sickness is not only difficult, but also not prognostic.  Many patients with mild symptoms will progress to more serious manifestations, pain in decompression sickness may be referred from the nervous system and the frequency of long-term problems is similar for patients who present with Type 1 or Type 2 symptoms.  


Not surprisingly, this historical classification is being abandoned for an inclusive term, decompression illness.  A specific diagnosis includes an evolutionary term (e.g., acute or chronic, static, progressive, spontaneously resolving or relapsing), a systems-classification of symptoms (e.g., neurological, musculoskeletal, respiratory, lymphatic, vestibular, cutaneous, etc.), and, an indication of the presence of barotrauma.  For example, a diver may have acute progressive neurological decompression illness with no evidence of pulmonary barotrauma.





The Pathology and Clinical Features of the Decompression Illnesses





The Uptake And Elimination Of Gases During A Dive.


During a dive, the partial pressure of the gases being breathed will increase (Dalton's law).  There will be a similar consequent increase in alveolar and arterial gas tensions.  These gases will flux into tissues until the partial pressure of the gas in the tissues is equal to the arterial tension.  The time for this equilibrium to be established is influenced by the blood supply to tissues, the solubility of the gases involved in blood and in tissues, the diffusion rate of gases into tissues, local tissue temperatures and carbon dioxide tensions and the work being done by tissues.  Equilibrium times will vary from between 20 minutes for the brain to 24 hours for poorly perfused adipose tissue, for nitrogen. The amount of gas in solution in each tissue will be largely determined by the local gas tensions (Henry's Law).  During and after a decompression, the inspired, alveolar and arterial gas tensions will decrease.  Gas will efflux from the tissues at a rate that is influenced by the same phenomena that affect gas uptake; but for reasons which are not completely understood, more slowly.  Also, the rate of gas elimination becomes even slower if bubbles form.  The latter  explains why repetitive or multiple dives, multiple ascents within a single dive and surface-decompression procedures are such risk factors for decompression illness.  





The Formation of Bubbles.


Whenever the partial pressure of gases in tissues exceeds ambient pressure, bubbles may form.  To produce a stable bubble, surface tension pressures must be overcome and gas must come out of solution.  The energy required can be reduced by bubbles forming in surface - defects (e.g., blood vessel walls) or in areas of relatively low pressure, such as where fluid cavitates or between moving tissue planes.  During and after a decompression, bubbles are likely to form first in tissues, then in veins, and finally and probably rarely, in arteries.  Venous bubbles will return with blood flow to the heart and into the pulmonary arteries, where they will be largely trapped in pulmonary arterioles.  The ability of the lungs to "filter" bubbles is due to the relatively low pulmonary perfusion pressure.  The bubbles then resolve by gas diffusing into the alveoli.  If sufficient bubbles are trapped in the lungs, there may be a mismatch of lung ventilation and perfusion, such that the diver complains of chest discomfort and breathlessness (pulmonary decompression illness, sometimes known as the chokes).  The rate at which bubbles are delivered to the lung may exceed the capacity of the lung to trap them and bubbles will pass through the pulmonary capillaries into the pulmonary veins, to become arterial emboli.  This passage of bubbles across the pulmonary capillaries will be facilitated by the inevitable rise in pulmonary artery pressure consequent to bubbles blocking pulmonary blood flow, and also by oxygen damage to the lungs and the use of some bronchodilators.  Gas embolism into the pulmonary vein can occur if there is direct lung damage (pulmonary barotrauma).  Pulmonary barotrauma may also cause interstitial and mediastinal emphysema, subcutaneous emphysema and a pneumothorax.  It is however surprisingly rare for there to be obvious lung damage from pulmonary barotrauma and co-existent arterial gas embolism.  


The rise in pulmonary artery pressure caused by trapped bubbles will increase right heart and venous pressures.  This may cause blood and bubbles to flow from the "venous" to the "arterial" side of the circulation across an anastomosis such as a patent foramen ovale.  Any increase in venous pressure will impair venous drainage of tissues and may induce a hemorrhagic infarct.  The organ most susceptible to such venous stasis is the spinal cord.  Spinal cord disease may be heralded by girdle pain; sensory loss is more common that motor loss and involvement of the bladder is common  (the usual presentation is urinary retention with overflow).  In severe decompression illness, dorsal column dysfunction is predominant.


Arterial gas embolism may arise then, by arterialization of venous bubbles, either across or by bypassing the lungs, or result from pulmonary barotrauma.  Once in the arterial circulation, bubbles will distribute according to blood flow and their buoyancy relative to blood (in large vessels).  In an upright diver, the brain is the primary target.  Most bubbles will not trap in the brain circulation, but will pass through the brain arterioles, capillaries and venous circulation, and will eventually be trapped in the lungs.  These bubbles may cause a temporary loss of function during their transit through the brain. However, once the bubbles have cleared, restoration of function is likely.  The mobile bubbles will still damage endothelial cells and cause the activation and accumulation of both platelets and white blood cells. The normal endothelial integrity will be lost (the blood brain barrier) and fluid and proteins will leak into the brain interstitium. White blood cells, and in particular polymorphonuclear leukocytes, will be activated, cling to vessel walls, become increasingly rigid and block blood flow, and release toxins. The result is a reduction in brain blood flow and, if flow falls below the level needed to maintain neuronal function, a consequent loss of function.  It follows that the typical pattern of brain air embolism is for a sudden loss of function, a restoration of function beginning within minutes and then a possible relapse within several hours. The most common presentation of brain air embolism is confusion, followed by a loss of consciousness, motor and sensory phenomena, visual disturbances, and rarely, convulsions.  The only bubbles that will trap in the brain circulation are those that have coalesced to form long columns, such that the net surface tension acting on the bubble will exceed the local perfusion pressure.  These trapped bubbles will cause a sustained loss of function.  If such bubbles enter the brain stem, they may cause a cardiorespiratory arrest.  About 5% of all brain air embolisms result in sudden death.





The Effect Of Bubbles In Tissues.   


Stationary bubbles in non-compliant tissues, such as bone, the spinal cord and tendon, may cause a loss of function by external compression of arteries, veins, lymphatics, nerves and sensory cells.


Decompression illness primarily involves the long bones, and especially the humerus at the shoulder and the tibia and fibula about the knee.  Hip involvement is usually only seen in diving fisherman who engage in frequent severe decompressions.  Compression of nutrient arteries in the marrow cavity is the likely cause of this dysbaric osteonecrosis.  


The spinal cord is enclosed in a fibrous, non-distensible sheath, the dura.  Bubble formation within the spinal cord may then cause interstitial pressure to exceed arterial perfusion pressure.  This is the most innocent of the mechanisms by which the spinal cord may be affected in decompression illness and is reversed by early recompression.


Compression of sensory cells within tendons will cause pain about a joint.  Articular cartilage is avascular and hence not involved and bubbles inside joints are painless.


 Bubbles in tissues may also cause direct microscopic or macroscopic mechanical damage. For example, autochthonous bubble formation in the white matter of the spinal cord will disrupt normal function.  


Finally, bubbles in tissues may induce a "foreign-body" reaction.  In rabbits, suppression of this inflammatory response, by removal of complement proteins, will prevent the development of decompression illness.  The tissue response to bubbles will include inactivation of blood clotting and the release of general inflammatory proteins. Some of these proteins, such as the kinins, will cause  "influenza-like" symptoms. Indeed, generalized malaise, a low grade fever and aches and pains is the most common presentation of decompression illness.  These kinins will also cause an increase in the permeability of blood vessels and a consequent hemoconcentration; the best guide to the severity of decompression illness is the hematocrit.  Not surprisingly, fluid resuscitation and restoration of normal blood viscosity is an important treatment of decompression illness, and in animal models, improves both survival and outcome. 


The causes of aches and pains in decompression illness therefore includes the compression of sensory cells in tendons, the release of pain-mediating chemicals, bone infarction and referred pain from the nervous system.  In the latter, pain will often be co-located anatomically with an overt neurologic deficit.  





The Effect of Bubbles on Blood.  


The effect of bubbles on endothelial cells, platelets, white blood cells and clotting factors has been described previously.  A disseminated intravascular coagulation is rare in humans, but frequently seen in animals.  In addition to hemoconcentration, as vessels become increasingly permeable either under the influence of kinins or as a result of damage to endothelial cells, there will be an accumulation of platelets and white blood cells, and the formation of fat emboli.  It can be seen then that decompression illness is a disease of the micro-circulation.





The Time Course Of Decompression Illness.  


Pulmonary barotrauma may release bubbles into the pulmonary veins, left heart and subsequently into the systemic arteries to cause a sudden loss of function.  Many of these divers will then undergo a spontaneous recovery, perhaps only to relapse during the next several hours. Decompression illness caused by bubbles in tissues and veins will usually be slower in onset, although most will have some symptoms within two hours of leaving the water. The onset of disease may be, however, delayed for several days and might only be induced by a decompression to altitude, such as flying in an aircraft or driving over hills, or by other provocations such as a nitrous-oxide anesthetic.  


In non-arterial bubble decompression illness, symptoms are usually progressive for hours to days and then gradually resolve over several weeks.  However, this resolution is often incomplete.  In general, the earlier the onset of decompression illness after the dive, the more severe is the disease and the worse is the prognosis for spontaneous recovery.  The earlier such divers are treated, the less risk there is for long-term sequelae.





The Treatment of the Decompression Illnesses





First Aid Treatment.  


Rescue and resuscitation of a diver must take precedence. Drowning or near drowning is a common complication of decompression illness, particularly when there has been a period of confusion or unconsciousness.  The diver should be rescued from the water horizontally and kept lying flat on their backs, or on their left hand side if their are unconscious, vomiting or if there is some airway-impairment.  This posture should not be altered until the diver is placed inside a recompression chamber.  Certainly, the diver must never be sat up, as this may cause embolism of the brain.  It has previously been suggested that injured divers should be placed in a head down position.  This posture is no longer recommended as it is difficult to maintain, it makes resuscitation difficult, it causes venous engorgement of middle-ear tissues such that ear-equalization during subsequent therapeutic recompression is difficult, and, in dogs it has been shown to cause a significantly slower and reduced recovery of brain function in comparison to dogs nursed horizontal. The diver must also be given 100% oxygen to breath.  Delivery of 100% oxygen requires a demand valve, or a non-rebreathing circuit with an appropriate flow rate, anesthetic-type mask and reservoir bag.  If the diver is to breathe oxygen for a prolonged period, then brief interruptions of the oxygen administration will ameliorate or retard any pulmonary oxygen toxicity.  


Fluid resuscitation is essential.  There is however no real role for oral fluids, as they will often induce vomiting, are poorly absorbed, necessitate a break from oxygen breathing and often require the diver to be sat up to be taken effectively.  Intravenous fluids should then form the basis of the resuscitation.  There is no demonstrated advantage for colloid over crystalloid solutions.  Dextrose should be avoided as it may make brain injuries worse and lactate based solutions should not be given to a hypothermic diver.  An accurate fluid balance must also be kept.  An inadequate fluid output despite good fluid resuscitation may indicate either that there is bladder atonia or persistent hemoconcentration.  In either circumstance, it is indicative of severe decompression illness and requires both an increase in the rate of fluid administration and bladder catheterization.  


Hypothermia should be corrected passively as active rewarming of a diver may precipitate further bubble formation.  Instead, the diver should be placed in dry warm clothes, protected from the environment and allowed to shiver.


There are no drugs of proven merit in the treatment of decompression illness.  Aspirin and other anti-platelet agents have not been shown to have any prophylactic or therapeutic benefit.  This is probably because the platelet accumulation is not rheologically important.  Heparin and the coumarin-derivatives are not used, despite their efficacy in animals, because hemorrhage into the brain, spinal cord and inner ear is a common feature of decompression illness.  There are however, considerable in-vivo and some anecdotal clinical data which support the use of lignocaine (lidocaine).  The mechanism by which a lignocaine infusion could facilitate recovery is uncertain, but it may act by inhibiting white blood cell accumulation.  Diazepam is very effective in preventing oxygen toxic convulsions and in controlling vestibular symptoms. However, because it masks symptoms, it is rarely used as it makes titration of treatment difficult.


An injured diver should be retrieved as soon as possible to a recompression chamber. This retrieval must not involve a decompression to more than 300m (1000 ft) above sea-level.  Consequently, long-range retrievals will often require aircraft whose cabins can be pressurized to sea-level.  Transportable recompression chambers have been widely used in the retrieval of divers in Israel and Australia.  Such retrievals are, however, logistically demanding and should only be used when they can produce significant time-savings.  





Recompression


The definitive treatment of decompression illness remains recompression.  To be acceptable, a recompression chamber must enable access to the injured diver for resuscitation and allow both patient monitoring and ventilation.  The chamber must also be capable of environmental (e.g., carbon dioxide and oxygen) monitoring and control.  The basis of recompression therapy is an increase in both ambient pressure and inspired oxygen tension.  Most treatment algorithms have an initial compression to 18 msw (60 fsw, 2.8 bars).  The diver breathes 100% oxygen.  In this condition, bubbles will be significantly reduced in volume, there will be a profound diffusion gradient for inert gases from the bubbles and into the blood, tissue hypoxia will be overcome and the surface tension pressure acting on the bubble will be increased, making the bubble unstable.  The risk of an oxygen-convulsion, for such an exposure of several hours, is very low.  It is even possible, that this level of oxygen may directly inhibit white blood cell accumulation.  If the diver responds to this regimen, they are then slowly decompressed.  If not, further recompression may be undertaken, although this will require an oxygen-helium or oxygen-nitrogen gas mixture as 100% oxygen can not be breathed safely (oxygen-helium mixtures are preferred).  


Patients will often either respond incompletely to a first recompression or will recover only to relapse later.  Either is treated by successive recompressions.  Most divers with decompression illness should be hospitalized for up to five days so that their daily progress can be monitored and repeat treatments given if necessary.  During each recompression treatment, meticulous attention must still be paid to fluid resuscitation and other adjuvant measures.





The Long-Term Follow-Up and Outcome in Decompression Illness





A diver who has had decompression illness may be fit to return to diving providing a month has elapsed since the incident (to allow pathology to resolve), there is no evidence of either pulmonary barotrauma or recurrent inner ear barotrauma; the severity of the decompression illness was commensurate with the extent of the diving; the diver responded well to the treatment; and, the diver has no evident sequelae of the incident.


   The follow-up examination of a diver who has suffered from decompression illness is based on careful neurologic and psychometric examination, one week, one month and one year after the incident.  At the one year review, the long bones should also be x-rayed to exclude dysbaric osteonecrosis.  Such necrosis takes at least three to four months to become radiologically apparent.  Further investigations of the nervous system have not proved to be satisfactory.  An excessive frequency of false positive results is found in single photon emission computerized tomography (SPECT) scanning, EEG recording and bone-isotope studies.  An excessive rate of false negative results are found in positron emission tomography (PET) scanning, computerized tomography (CT) and magnetic resonant (MRI) imaging of the brain and spinal cord, and both brain and spinal cord evoked response studies.


The long-term morbidity of decompression illness varies according to the population being studied and, most likely, to the delay between the onset of symptoms and treatment.  For example, in military divers, the long-term morbidity approaches zero; conversely, among recreational divers where the delay to treatment is usually between one and two days, at least half of the divers will complain of subsequent problems. The most common of these are disorders of higher function, such as memory, and a depressed mood.





Summary





Decompression illness can occur either due to the formation of bubbles in tissues or as a result of lung damage.  Once initiated, the illness becomes a predominant disorder of the micro-circulation.  Prompt treatment is effective in controlling symptoms and avoiding long-term problems.





References





1. Edmonds C, C. Lowry , and J. Pennefather  Diving and Sub-Aquatic Medicine. Third Edition.  Oxford: Butterworth-Heinemann, 1992.


2. Bennett PB, Elliott DH, Eds. The Physiology and Medicine of Diving. Fourth Edition.  Bellière-Tindall, London, 1993.


�



�PAGE  �








�PAGE  �16�








�











