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Key points

� Immersion pulmonary oedema (IPO) is a major

cause of death in scuba divers.

� The incidence of IPO is increased in patients with

hypertension and is greater in women than in

men.

� Intracardiac and pulmonary right-to-left shunts

are important causes of decompression sickness.

� Lung disease can predispose to pulmonary baro-

trauma and arterial gas embolism.

� Divers must have adequate ventilatory capacity

to be able to dive safely and to perform a diver

rescue.
Learning objectives
By reading this article you should be able to:

� Discuss the pathophysiology of immersion pul-

monary oedema.

� Explain why cardiac disease increases the risk of

immersion pulmonary oedema and decompres-

sion sickness.

� Detail the risks of diving with respiratory

diseases.

� Define which patients with diabetes can dive.

� Describe the risks of diving with epilepsy or other

neurological and neuromuscular disorders.
Introduction

In the first of our two linked articles on diving medicine we

considered the effects of changes of pressure as a diver de-

scends and ascends, with resulting changes in partial pres-

sures of gas breathed and risks of toxic gas effects,
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decompression sickness (DCS) and barotrauma.1 This second

article discusses some medical conditions that affect the

ability to dive safely and the aetiology of immersion pulmo-

nary oedema (IPO).

Medical assessment for diving requires the exclusion of

diseases that would put a person at greatly increased risk of

diving-related illnesses or would result in an increased risk to

others who might have to conduct a rescue.

The demands of the type of diving being undertaken must

also be considered. An amateur holiday dive for an hour in

tropical waters is very different to commercial saturation

diving at depths >100m in the North Sea. A team of saturation

divers typically lives for 4 weeks in a chamber pressurised to

11 atmospheres ormore on a support ship. It takes a day to get

to the bottom pressure as the mixture of breathing gases is

gradually changed. Each day the divers lock into a diving bell

and are lowered to near the site on the seabed where they will

work. When working they have their breathing gas and hot

water for their thermal undersuits supplied to them via an

‘umbilical’ (itself a risk factor in diving if it becomes entangled

or cut). They are at risk of hypothermia because of long im-

mersion and breathing a gas mixture that is mainly helium,

which has a high thermal conductivity, so they are warmed to
rved.

349

mailto:cjedge@icloud.com
https://doi.org/10.1016/j.bjae.2021.05.002
mailto:permissions@elsevier.com


Fig 1 Chest X-rays from 1977 of the first diver reported to have immersion pulmonary oedema. The left panel shows her X-ray shortly after she surfaced with

dyspnoea and frothy haemoptysis. By the time the X-ray was taken she was already feeling better and she refused treatment. A repeat chest X-ray 4 weeks later

was normal (right panel). She said that she had had six previous episodes. Cardiac investigations were normal, but she later developed hypertension.
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32�C, even when in the living chamber. It takes 3 days or more

(depending on the depth) to decompress to sea level at the end

of the period of work or if a medical emergency occurs.
Cardiovascular disorders

If an average-sized adult is immersed up to the neck in warm

water (therefore without cooling) the increased hydrostatic

pressure on the legs immediately increases venous return.2

This increases central blood volume by about 700 ml, cardiac

filling pressures by about 15 mmHg, and stroke volume by

about 30%. The increase in heart size reduces lung volumes

and causes release of natriuretic peptides. The resulting

natriuresis and secondary diuresis continues until the cardiac

filling pressures have returned to the normal level for that

person. In cooler water, cold-induced vasoconstriction in-

creases preload further and also raises afterload.

During head-out immersion, respiration is against

continuous negative airway pressure equal to the vertical

distance between the lung centroid and the water surface.

Inspiration requires greater and expiration requires less

effort. The vertical distance of the lung centroid below the

surface is greater when standing upright than when swim-

ming in a horizontal position, but inspiration always requires

an increased negative pressure. If a swimmer breathes out

with their head underwater, the expiratory pressure may be

positive relative to the lung centroid.

In a submerged scuba diver, the vascular effects are com-

parable, but the effects of breathing may differ, depending on

the type of equipment used by the diver and their attitude in

the water.

In a scuba diver using open circuit, the demand valve de-

livers breathing gas at ambient pressure at the diver’s mouth.

When the diver is head up in the water when ascending, the
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diver breathes with an increased negative pressure during all

phases of respiration, similar to an individual who is head-out

immersed. When head down whilst descending, the diver

breathes against CPAP. When swimming horizontally, the

mouth is at approximately the same level as the lung centroid;

thus, there is little pressure differential.

A closed-circuit rebreather, used by some divers, is anal-

ogous to ultra-low flow in an anaesthetic circle circuit. The

diver breathes via a closed circuit from a gas reservoir, termed

a counter-lung. The carbon dioxide in the expired gas is

removed chemically and the decrease in oxygen partial

pressure ismeasured by oxygen sensors and replenished from

an oxygen cylinder. The vertical distance between the

counter-lung and the diver’s lung centroid determines

whether the diver is breathing with a negative or positive

airway pressure. When a diver is using a back-mounted

counter-lung swimming horizontally in the prone position,

so that the counter-lung is above the lungs, respiration is with

continuous negative airway pressure. When the counter-lung

is mounted on the front of the chest, there is CPAP when the

diver is prone.

The work of breathing is also affected by gas density.

Density of a gas increases with depth in proportion to the

absolute pressure and maximum voluntary ventilation de-

creases in proportion to the square root of density (and ab-

solute pressure). Therefore, at a depth of 30m (4 bar, 405.2 kPa,

3040 mmHg) air is four times as dense as at the surface (1 bar,

101.3 kPa, 760 mmHg) and maximum voluntary ventilation is

half that at the surface.
Immersion pulmonary oedema
Immersion pulmonary oedema occurs in surface swimmers

and divers as a result of the increase in pulmonary capillary

pressure and the reduction of airway pressures caused by
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immersion (Fig. 1).3,4 It is exacerbated by additional increases

in pulmonary capillary pressure as a result of cold-induced

vasoconstriction with consequent centralisation of blood

volume, and by exertion.3

Immersion pulmonary oedema is a leading cause of death

in scuba divers. When deaths from equipment failure and

diver error are excluded, IPO is probably the most common

medical cause of diving deaths. Immersion pulmonary

oedema is well described in fit individuals including the spe-

cial forces and navy divers of many countries. The Israeli

Defence Force reported that 70 recruits (aged 18e19 yrs)

developed IPO during swimming trials in a 3-yr period (1.8% of

trials).5When recruits drank 5 L of liquid in the 2 h before their

swim, eight of 30 developed IPO.6

In the 2016 Vansbro river swimming race in Sweden, 69 of

13,878 (0.5%) had symptoms varying from cough to fulmi-

nating pulmonary oedema and 46 were treated with CPAP.7 A

total of 58 (84%) of those affected were women. Unfortunately,

no breakdown is given of the numbers of women and men

participating in the race, but many reports show that IPO oc-

curs considerably more frequently in women than men: the

reason for the difference is not known.

The continuous negative airway pressure when divers

use rebreathers with back-mounted counter-lungs means

that they are at increased risk of IPO. Rebreathers are fav-

oured by military divers because the absence of bubble

liberation reduces the probability of detection during a

combat swim, but even fit special forces and navy divers are

reported to develop IPO when using rebreathers, particularly

when they had back-mounted counter-lungs.8 Research in

French Navy divers showed that the lung comet score, a

grading of interstitial pulmonary oedema, was much

increased in prone divers when exercising whilst breathing

from a back-mounted counter-lung compared with those

exercising using a front-mounted counter-lung or at rest.9

However, IPO is most frequent in amateur divers older

than 50 yrs, particular those with hypertension.3 They have

higher baseline pulmonary capillary pressures before

entering the water, so that the further increases in pulmo-

nary capillary pressure and the negative airway pressures

that occur during immersion tip them into IPO.

Immersion pulmonary oedema recurs, particularly in

people who are hypertensive, so those who have had one

episode of IPO should not dive again unless the factors

causing the IPO in that person are removed.3,4

Other cardiovascular diseases and diving
As described in the first article,1 divers with a right-to-left

shunt have an increased risk of DCS after unprovocative

dives provided the dive is deep enough and long enough to

liberate venous gas bubbles.10e12 Therefore individuals who

have a right-to-left shunt (e.g. cyanotic congenital heart

disease, atrial septal defect or a known pulmonary arterio-

venous malformation) generally should not dive. Those who

might have a right-to-left shunt (e.g. history of cryptogenic

stroke at a young age, which is often associated with a large

persistent foramen ovale) need careful assessment and

advice if they wish to dive.13

Individuals should not dive if they have cardiac disease

that might result in incapacity underwater (e.g. serious
arrhythmias and coronary artery disease), or may increase

the risk of IPO (e.g. cardiomyopathy, significant left heart

valve disease), or may increase the risk of DCS (e.g. atrial

septal defects, cyanotic heart disease).
Respiratory disorders

The diving physician should ask ‘Does the diver have the

necessary ventilatory capacity to carry out diving and a diving

rescue safely and is there disease that would increase the risk

of pulmonary barotrauma?’

On the surface, a diver must be able to maintain a good

exercise level because when submerged, the situation will

alter radically.14 The effects of immersion, increased gas

density with depth, the constraints of the diving suit and the

mechanical resistance associated with breathing equipment

conspire to reduce the maximum voluntary ventilation by

50%when at 30m. Assuming a _VO2 requirement of about 2.5 L

min�1 to swim against a current of 1.2 knots, then on the

surface, the minute ventilation required to maintain this

would be 75 L min�1; this presents little problem for most

people who are reasonably fit: at 30 m underwater, essen-

tially normal pulmonary function is required to maintain the

same level of oxygen uptake. With abnormal pulmonary

function, the work required to maintain normocapnia when

breathing the more dense gas at depth may become

excessive.

Common respiratory problems such as asthma and

chronic obstructive pulmonary disease (COPD) affect the

ventilation/perfusion patterns in the lung, thereby interfering

with the efficiency of gas exchange and the possibility of gas

trapping in areas of the lung which have an increased gas

emptying time. (Note that if an area of lung is completely

closed off to gas exchange, the gas in that area will be slowly

absorbed).

Theoretical physiological considerations have meant that

most diving physicians do not allow people with asthma to

dive. However, population surveys of divers show that pro-

vided asthma is well-controlled with a combination of one or

more inhaled steroids, long-acting b2 agonists, or leukotriene
receptor antagonists, diving is safe. In the UK it is recom-

mended that a diver with asthma should measure his or her

peak flow daily and must not go diving if peak flow is >15%
below their best value when well.

Individuals with a current chest infection should tempo-

rarily avoid diving until there is complete recovery.

A history of spontaneous pneumothorax has been

considered to be a bar to diving. Occurring mainly in fit young

men, the condition frequently recurs if left untreated. Rupture

of a bulla underwater may lead to tension pneumothorax,

especially on the ascent, or to arterial gas embolism when gas

from the bulla invades a pulmonary vein. Pleural stripping or

pleurodesis to remove the apical congenital bullae that are

usually the cause of the problemmay allow the person to dive

again, but this is controversial.

Conditions such as sarcoidosis or active tuberculosis will

preclude diving until treated. Clinically significant COPD and

untreated lung cancer preclude diving altogether.

At present, smokers are permitted to dive, though there is

evidence that they have an increased risk of arterial gas
BJA Education - Volume 21, Number 9, 2021 351
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embolism caused by pulmonary barotrauma on ascent, even

when their spirometry is normal.12,15
Diving for older (aged >65 yrs) and younger
people (aged <18 yrs)

Some 49% of people in England aged > 65 yrs take at least five

different medications per day. Cardiovascular drugs are the

most frequent medication and may indicate diseases that

make a person unfit to dive. b-Adrenoceptor antagonists may

limit the ability of the heart to respondmaximally to exercise.

Vasodilating antihypertensive drugs, such as calcium channel

blockers and angiotensin-converting enzyme/angiotensin II

inhibitors may be acceptable in divers, because they can

reduce the risk of IPO. Decreased fitness and reduced muscle

mass may prove problematic if the diver has to carry heavy

cylinders of breathing gas and weights. Nonetheless, a few

people continue diving into their ninth and tenth decades

without mishap.

Young people learning to dive is an emotive issue. Occa-

sionally parents request a medical for children as young as

7e8 yrs of age. Physicians need to be cautious in assessing

whether a child really understands the risks and wishes to

dive, because some requests are the result of parental pres-

sure. Any child who expresses the wish to dive before the age

of puberty must have their mental capacity to cope with the

demands of a diving incident carefully assessed. A few cases

of decompression illness in young teenagers leading to per-

manent disability have been reported.16 However, most chil-

dren with responsible adults as buddies will enjoy the

freedom and excitement of diving and it is good exercise.
Women and diving

Women scuba divers compose about 27% of UK divers. There

are some sex-related physiological differences that are

important for diving. Women have a greater percentage of

body fat and less muscle mass than men. Therefore female

divers may have more difficulty in carrying and lifting their

diving equipment but may have some protection against hy-

pothermia. Women have an increased incidence of IPO, but

the reason is not known.

There is evidence that the incidence of DCS is increased in

women in the first week of the menstrual cycle and that the

oral contraceptive may be protective during this time.17 A

similar association has been found in US Air Force personnel

who were exposed to hypobaric conditions.18 The reason is

unclear, but it is probably hormonal.

Diving during pregnancy is very controversial, because of

concerns that it may adversely affect the fetus. Many women

have dived being unaware that they are pregnant until they

later missed a period. It is during this early stage that fetal

organogenesis and lateralisation occurs. The observational

studies on pregnant women who continued diving are subject

to bias. Therefore it is still unclear whether normal diving

profiles (which do not involve prolonged periods of decom-

pression or rapid ascents) increase the incidence of fetal ab-

normalities. Current advice is that women who are planning

to become pregnant should not dive, but if a woman discovers

that she is pregnant and has been diving, it is not an indication

for termination of pregnancy.
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Breast implants may absorb nitrogen during diving, but

provided rapid decompression is avoided, tissue trauma as a

result of the increased volume of the implants does not occur.
Endocrine disorders

Four endocrine disorders are fairly common in potential

divers: diabetes mellitus (types I and II), hypothyroidism and

hyperthyroidism.

Before 1991, no individual with diabetes was allowed to

dive, a worldwide restriction. Since then, the restrictions have

relaxed thanks to research and improved medications.19

Divers with diabetes must maintain good control of their

diabetes, have no long-term diabetic complications and have

annual medical examinations by a diving medical referee.

They must also measure their blood glucose immediately

before and after each dive if they are taking drugs with the

potential to cause hypoglycaemia and carry an emergency kit

to treat hypoglycaemia.20

Hypoglycaemia underwater was amajor concern for divers

with type I diabetes. Such concerns were allayed because fit,

healthy divers who have diabetes do not get hypoglycaemia

even when strenuously exercising, provided their blood

glucose concentrations are slightly increased before diving.19

Some people who have type I diabetes control their blood

glucose levels using an insulin pump. Insulin pumps should

not be used when diving. Cold and skin pressure (from a

wetsuit) may lead to unreliable insulin absorption and no in-

sulin pump has been certified for use under pressure.

People with type II diabetes have a much lower risk of

hypoglycaemia underwater. Their main risks are from long-

term complications of diabetes (cardiac, neurological, renal).

It is estimated that the onset of type II diabetes occurs 4e6 yrs

before diagnosis, thus allowing complications to develop.21

People with hypothyroidism and hyperthyroidism can dive

provided their symptoms and thyroid status are well controlled.
Neurological disorders

Neurological diseases that significantly increase riskwhendiving

are contraindications. The risks are obvious for some diseases.

Grand mal epilepsy causes a risk of unconsciousness and

hence drowning, particularly at depths where high partial

pressures of oxygen reduce the threshold for convulsions. In

the UK, people with epilepsy must not dive unless they have

been free of fits and not taking anticonvulsantmedications for

>5 yrs, when the risk of a convulsion during a dive is consid-

ered to be acceptably low.

Muscle weakness, resulting from impaired central motor

control, neuropathy or muscular dystrophy, which impairs the

ability to swim or breathe on the surface or under water, is also

a contraindication to diving. Sometimes important muscle

weakness only becomes apparent when an individual starts

diving. For example, diaphragmatic paralysis secondary to

phrenic nerve palsy can result in severe breathlessness at the

surface because the hydrostatic pressure difference between

the abdomen and the mouth results in the diaphragm being

pushed up into the chest, thereby reducing lung volumes.

Impaired coordination may cause difficulty using equip-

ment, as can impairment of touch sensation, particularly

when visibility is severely impaired, as it often is in UKwaters.

A diver also needs adequate vision to read their gauges.
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The incidence of neurological DCS is greatly increased in

people with migraine with aura.22 That is because the preva-

lence of clinically significant right-to-left shunts (across

persistent foramen ovale or pulmonary shunts) is approxi-

mately 40% in people with migraine with aura compared with

5% in those without migraine with aura.11,22 As stated previ-

ously, right-to-left shunts facilitate DCS as a result of para-

doxical gas embolism.12,13 Investigations to exclude a

significant shunt should be considered in potential divers

with a history of migraine with aura.13

Another consideration is whether the manifestations of

neurological disease will interfere with diagnosis and treat-

ment if the diver develops neurological DCS after a dive. For

example, if a diver with a history of transient ischaemic at-

tacks becomes hemiplegic soon after a dive, the differential

diagnosis is another cerebral thromboembolic event or cere-

bral DCS or cerebral arterial gas embolism secondary to pul-

monary barotrauma.

If a diver with pre-existing neurological disease develops

neurological DCS, the resulting deficit may be greater. That is

particularly so when the diver has spinal disease because the

addition of spinal DCS could result in serious disability. In

addition, a recompression chamber may continue to treat for

residual clinical signs that are not the result of DCS, but are

attributable to the prior disease.

However, there are some individuals who dive with serious

neurological disability, such as paraplegia, within disabled

diver schemes. It is recognised that these divers gain consid-

erable freedom in underwater weightlessness. They are

carefully assessed before diving, have restrictions on the

diving they can undertake and are cared for underwater by

two or more experienced dive buddies.

Serious psychiatric diseases are a contraindication to div-

ing, particularly when they might impair judgement or result

in panic if difficulties arise during a dive.

There are concerns that many drugs used to treat neuro-

logical and psychiatric diseases adversely potentiate the risk

of nitrogen narcosis. Inmany cases, the concerns are based on

theoretical considerations, but some are known to present

hazards that will limit the depth to which an individual can

dive.
Summary

When diving, the underwater environment and particularly

the increased ambient pressure, places unique demands on

human physiology, which can cause diving-related diseases

with life-threatening consequences. Therefore, it is important

to ensure that those with medical conditions that put them at

significantly increased risk do not dive.
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