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Abstract

(Wilmshurst PT. Immersion pulmonary oedema: a cardiological perspective. Diving and Hyperbaric Medicine. 2019 March 
31;49(1):30–40. doi: 10.28920/dhm49.1.30-40. PMID: 30856665.)
It is postulated that immersion pulmonary oedema (IPE) occurs because of combinations of factors that each increase the 
hydrostatic pressure gradient between the pulmonary capillaries and the alveoli. The factors, by definition, include the effects 
of immersion, particularly raised central blood volume and hence cardiac filling pressures. Breathing against a negative 
pressure is important but the magnitude of the effect depends on the relation of the diver’s lung centroid to the source of 
the breathing gas and the breathing characteristics of diving equipment. Other factors are cold-induced vasoconstriction, 
exertion and emotional stress, but variations of the responses of individuals to these stimuli are important. Hypertension is 
the most frequent cardiovascular disease predisposing to IPE but other medical conditions are implicated in some patients.

Background

Immersion pulmonary oedema (IPE) occurs in divers and 
surface swimmers and onset is acute.1  Acute pulmonary 
oedema can occur if the pulmonary capillary permeability 
is increased as a result of damage to the alveolar-
capillary interface (non-cardiogenic pulmonary oedema).1  
Cardiogenic pulmonary oedema occurs without increased 
capillary permeability when the hydrostatic pressure 
gradient across the pulmonary capillary membrane exceeds 
the oncotic pressure – the osmotic pressure exerted by 
plasma proteins.2  The term cardiogenic pulmonary oedema 
implies that the cause is within the heart, but that is not 
always so. If the plasma albumin concentration is low, so 
that the plasma oncotic pressure is also low, pulmonary 
oedema can occur when the hydrostatic pressure gradient 
across the pulmonary capillary membrane is within the 
normal range. The distinction between cardiogenic and 
non-cardiogenic pulmonary oedema is not always sharp. 
Cardiac disease with high pulmonary capillary pressures can 
cause fracture of capillaries to produce bloodstained oedema 
and haemoptysis, so the oedema is not a pure transudate. 
The evidence suggests that IPE is a form of cardiogenic (or 
hydrostatic) pulmonary oedema.

The precise hydrostatic capillary pressure equivalence of 
the oncotic pressure depends on the plasma concentrations 
of proteins, particularly albumin, but in normal individuals 
it is approximately 25 mmHg.2  At rest, healthy individuals 
have a lower pulmonary capillary pressure (less than
12 mmHg) and there is net movement of water from the 
alveoli into the pulmonary capillaries. Even in normal 

individuals the difference between dry lungs and onset 
of pulmonary oedema formation may be an increase in 
pulmonary capillary pressure of only 15 or 20 mmHg.

An illustration of the delicacy of the balance between 
pulmonary oedema and dry lungs is the common appearance 
of a chest X-ray (CXR) of a patient with pulmonary oedema 
(Figure 1a). There is airspace opacification at the lung 
bases but clearer lung apices. That is because, in a patient 
who is upright, the pulmonary capillaries situated at the 
level of the left atrium will have a capillary pressure that 
mirrors left atrial pressure, but pulmonary capillaries that are
15 cm above the level of the left atrium will have a capillary 
pressure that is 15 cm water ( H

2
O) pressure (approximately 

11 mmHg) less than left atrial pressure. Cardiogenic 
pulmonary oedema forms most rapidly when the pressure 
gradient across the pulmonary capillary membrane increases 
rapidly to a high level to cause ‘flash’ pulmonary oedema.3

In most situations, acute pulmonary oedema occurs because 
of a significant increase in left atrial pressure: plasma protein 
concentrations do not fall rapidly and usually intra-alveolar 
pressure changes are small. However, acute pulmonary 
oedema can occur when there is sudden extrathoracic airway 
obstruction, such as glottic obstruction following extubation 
after general anaesthesia, resulting in a patient exerting high 
negative inspiratory pressures – effectively sucking fluid 
from plasma into the alveoli.4  Slower onset of pulmonary 
oedema is described in dogs when resistance to inspiration 
caused a 15–20 cm H

2
O negative pressure during inspiration 

that was maintained for 20 to 120 minutes (min).5  More 
chronic pulmonary oedema is described in man when there 
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were comparably negative airway pressures maintained for 
days.6

Cardiogenic pulmonary oedema is produced in the opposite 
ways to the therapeutic methods employed to clear it from 
the lungs, which are by reducing pulmonary capillary 
pressure (with diuretics and vasodilators) and by increasing 
intra-alveolar pressure, for example by use of continuous 
positive airway pressure (CPAP).7

Anyone, no matter how fit they are, can develop pulmonary 
oedema if the pressure gradient across their pulmonary 
capillary membrane is increased sufficiently for long 
enough. The data and clinical observations suggest that a 
number of factors that individually increase the pressure 
gradient across the pulmonary capillary membrane can, 
when acting in combination, produce a cumulative increase 
in the pressure gradient to cause IPE.

Immersion pulmonary oedema

In 1977, I was in the boat that picked up a pair of divers 
from my diving club in the United Kingdom (UK). They had 
aborted a dive to 20 m in water at 8°C after 5 min because 
one had become severely breathless for no apparent reason. 
She was cyanosed and coughing up blood and froth.8 I 
examined her. She had a tachycardia, gallop rhythm and 
basal crepitations. Hospital investigations, including a CXR 
six hours after she left the water, confirmed pulmonary 
oedema (Figure 1a). By the time the CXR was taken she 
was already feeling better and she refused treatment. A 
repeat CXR four weeks later was normal (Figure 1b); an 
electrocardiogram (ECG), echocardiogram, exercise test 
and myocardial perfusion scan were also normal. She said 
that she had had six previous episodes. Years later she was 
found to have hypertension and subsequently she had an 
episode of high altitude pulmonary oedema.9

In the next two years I saw two other divers in my club who 
had IPE. Both described two episodes. One had been so 
hypoxic that he became unconscious for 10 min. All episodes 
occurred when diving in relatively cold UK conditions. 
Each of the three divers had dived in warmer waters without 
having any problems. These three divers were the subjects 
of the initial report of “recurrent pulmonary oedema when 
scuba diving”.10

It appeared that there was an individual susceptibility to 
IPE, because some individuals were affected repeatedly 
when their dive buddies were unaffected. Also there were 
extrinsic factors because only immersion triggered their 
pulmonary oedema. The occurrence of IPE in three divers 
in a club with approximately 200 members suggested that 
this previously unrecognised condition might be common.

A presentation in 1984 included cases that we thought had 
died from “heart failure when diving” and concluded that 
“it is probably a very serious and frequent cause of illness 
amongst divers…and an occasional cause of death”.8

VASCULAR RESPONSE TO COLD

Eleven divers out of a larger group of patients with IPE 
agreed to be subjects of a research study.1  Their ages were 
38 to 60 years (mean 45.6 years). They had no detectable 
cardiac disease and had good exercise capacity on land. They 
each had many years of diving before their first episodes, 
suggesting that susceptibility developed with time or age.  
Episodes occurred when diving in cooler British waters 
but some had dived in warmer waters without symptoms. 
The equipment they had used during the episodes included 
single- and twin-hose demand valves. Two also had 
pulmonary oedema when surface swimming. The vascular 
responses to cold (head and neck packed in towels soaked 
in ice-cold water) and to a raised partial pressure of oxygen 

Figure 1
The left chest X-ray is of the first diver recognised as having pulmonary oedema triggered by diving;

the right chest X-ray is of the same diver four weeks later
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(67%) in the supine position in these eleven divers were 
compared with ten control divers. The stimuli induced 
pathological vasoconstriction in the divers that had a history 
of IPE compared with the controls. In a previous report, an 
initial group of IPE sufferers had increased venous tone and 
reduced venous compliance at rest and with vasoconstrictor 
stimuli.11  (Comparable data were available for the whole 
group, but the Lancet requested that the paper be shortened 
and those data removed.)

An important observation was that nine of the eleven 
developed evidence of cardiac decompensation during the 
physiological stimuli out of the water, including one who 
had frank pulmonary oedema and required treatment with 
an intravenous vasodilator infusion.1  None of the controls 
had evidence of cardiac failure. During follow up for an 
average of eight years the majority of the divers with IPE 
developed hypertension. It was postulated that increased 
vascular reactivity to cold in some individuals combined with 
the increased preload that occurs during immersion might 
be enough to trigger pulmonary oedema when immersed.12  
It is notable that hyper-reactivity during a cold pressor test 
in children is predictive of development of hypertension 
during follow up for 45 years.13

The observation in the Lancet paper that those who had IPE 
were at increased risk of having pulmonary oedema when out 
of the water was supported by the report of three individuals 
without evidence of heart disease who had pulmonary 
oedema when scuba diving but also had pulmonary oedema 
unrelated to immersion.9  One had three episodes of 
pulmonary oedema precipitated by emotional stress. One 
had three episodes precipitated by sexual intercourse. The 
third, an exceptionally fit member of special forces, had an 
episode during strenuous exertion in a cold climate. Others 
have reported that hypertension is associated with IPE and 
with recurrent episodes of IPE.14,15

The increased preload caused by immersion combined with 
cold-induced vasoconstriction does not explain all cases of 
IPE. In a report of four individuals who had radiologically 
confirmed pulmonary oedema when scuba diving
and/or swimming and another with probable IPE based on 
history without radiological or clinical confirmation, the 
vascular responses to cold were compared to six controls.16  
No differences were found between the groups and none 
developed evidence of cardiac decompensation during the 
experiment. The protocol used was similar but not identical 
to the protocol in the earlier study.1,16 

With the exception of a woman aged 39 years, who had 
hypertension, the individuals reported were much younger 
(23–27 years)16 than the age range (38–60 years) of subjects 
reported previously,1 and none had hypertension. The woman 
aged 39 had five episodes of IPE (two were when diving 
in water colder than 6°C, and three were when swimming 
long distances in competition or training in water warmer 

than 18°C). The three younger individuals had one episode 
of IPE each. Two occurred when diving in cold water (less 
than 6°C). The other occurred during a competitive long-
distance swim in warmer water (20.6°C). Recreational scuba 
diving and competitive open water swimming each involve 
immersion, but generally the latter involves considerably 
more exertion during immersion.

EXERCISE

Further evidence appeared that there is another younger 
group of patients who get IPE .17,18  Eight out of 30 male 
military recruits (aged 18–19 years) developed pulmonary 
oedema during a 2.4 km swimming time trial in seawater 
at 23°C.17  They swam in a supine position using fins. The 
recruits each drank five litres of water during the two hours 
before the swim. Two of the eight had recurrence of IPE 
when they repeated the swim without prior fluid loading. 
This suggests that when immersed some individuals are 
at increased risk of developing IPE when there is only 
one additional factor increasing the gradient across the 
pulmonary capillary membrane (i.e., exercise) whilst others 
needed a further additive factor (i.e., fluid loading).

The same group later reported a further 70 fit male military 
recruits age 18–19 who had IPE during a three-year period 
and 16 of these had recurrent episodes.18  The episodes 
represented 1.8% of all swimming trials performed. The 
authors postulated factors predisposing to IPE in fit young 
men including increased pulmonary vascular pressures 
from cold and exercise plus “during head-out immersion, 
negative pressure respiration due to the hydrostatic pressure 
differences between upper and lower airways produces 
transmural pulmonary hydrostatic forces that favor a fluid 
shift from pulmonary vasculature to the alveoli.” Obviously 
the pulmonary vascular pressure that is important in 
formation of pulmonary oedema is pulmonary capillary 
pressure. When pulmonary capillary pressure is elevated, 
pulmonary arterial pressure is often increased secondary 
to the backpressure transmitted from the left heart via the 
pulmonary capillaries. However, when pulmonary artery 
pressure is increased without an increase in pulmonary 
capillary pressure by pathology proximal to the pulmonary 
capillaries, such as in primary pulmonary hypertension or 
massive pulmonary embolism, pulmonary oedema does not 
occur. Others have also suggested a role of negative pressure 
breathing in aetiology.19

Support for the possibility of two subgroups of people having 
IPE comes from Duke University. In one study, 36 divers 
with IPE were reported and another 292 cases identified 
from the published literature.20  In recreational divers and 
swimmers with IPE the mean age was 47.8 + 11.3 years 
and, within military divers and swimmers, mean age was 
23.3 + 6.4 years. Hypertension was the most frequent risk 
factor documented, particularly in recreational divers and 
swimmers who had IPE.
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The same group compared 10 subjects with a history of IPE 
and 20 controls. They had radial artery and pulmonary artery 
catheters inserted before exercising on a cycle ergometer 
while submerged in water at 20°C.21  The IPE group had 
significantly greater pulmonary artery pressure, pulmonary 
capillary wedge pressure, systemic vascular resistance and 
pulmonary vascular resistance and significantly lower cardiac 
output than the control group. Following the first exercise 
test only the IPE group were given 50 mg sildenafil orally 
and after 150 min the measurements during the underwater 
exercise protocol were repeated. During the repeat exercise 
after sildenafil, the haemodynamic parameters in the IPE 
subjects tended to normalise towards the parameters in 
control subjects without sildenafil, and some parameters 
were no longer significantly different.

For risk of developing pulmonary oedema, the key 
measurement is pulmonary capillary pressure. In the 
controls, pulmonary capillary wedge pressure during 
exercise was 13.1 + 5.0 mmHg and in the IPE subjects pre-
sildenafil it was 18.9 + 5.5 mmHg (difference P = 0.03). After 
sildenafil, pulmonary capillary pressure during exercise was 
16.9 + 6.2 mmHg, which was not significantly different from 
either the control subjects or the IPE subjects pre-sildenafil.

There is no mention of any subject developing IPE during 
the test, but the haemodynamic comparison of control and 
IPE subjects before sildenafil suggests that those who had 
a history of IPE have haemodynamic differences from 
controls, which are consistent with an increased risk of 
pulmonary oedema. As such, that comparison of control 
and IPE subjects was consist with the original report on 
IPE.1  The authors acknowledged that performing the 
post-sildenafil exercise test after the baseline exercise test 
in the IPE subjects may have influenced the findings after 
sildenafil. They suggested that sildenafil might be useful in 
the prevention of IPE.

It has been found previously that nifedipine reduces the 
pathological vasoconstrictor responses to physiological 
stimuli in individuals with IPE.22  Therefore, for more than 
30 years, I have advised divers that refused to stop diving 
after an episode of IPE to take 5 mg nifedipine before 
diving. I am not aware of recurrence when they did so, but 
the numbers are small.

The high incidence of IPE in the swimming trials of male 
military recruits in Israel is supported by data from the 
Vansbro swimming race (Vansbrosimningen) in Swedish 
rivers.23,24  In 2016, 69 of 13,878 (0.5%; 58 of the 69 patients 
were women) of participants had symptoms varying from 
coughing to fulminant pulmonary oedema.23,24  Forty-six 
patients were treated with CPAP.

A survey in triathletes in the USA reported that 1.4% had 
experienced symptoms compatible with IPE.25  In the survey 
risk factors for IPE were female gender and hypertension. 

Though IPE appears to be more common in women than in 
men, research studies have been performed predominantly 
or exclusively in men.

TAKOTSUBO CARDIOMYOPATHY

There are a small number of case reports of patients who 
had IPE and Takotsubo cardiomyopathy.26,27  Takotsubo 
affects women more frequently than men and particularly 
affects middle-aged and post-menopausal women, who 
are the group who get IPE most commonly. Takotsubo 
cardiomyopathy presents with chest pain more frequently 
than dyspnoea, whereas the converse is the case with IPE. 
Many cases of IPE improve within hours of leaving the water, 
which would not be expected if the aetiology were Takotsubo 
cardiomyoapthy. Takotsubo cardiomyopathy produces 
dramatic electrocardiographic and echocardiographic 
changes, which resolve in days, weeks or months in 
survivors. These are not found in most people with IPE. 
Therefore it is possible that when Takotsubo cardiomyopathy 
and IPE are present in the same patient, the Takotsubo 
cardiomyopathy is secondary to the stress of having IPE.

Reversible myocardial dysfunction was reported in 
15 of 54 consecutive divers with IPE.14  Myocardial 
dysfunction was defined as an elevated level of troponin 
with electrocardiographic and/or echocardiographic 
abnormalities. The abnormalities in individual patients were 
described in the table in that paper, but in no case were they 
consistent with Takotsubo cardiomyopathy. Significantly 
more of the 15 with myocardial dysfunction were older 
than 50 years (11 of 15 vs. 13 of 39), hypertensive (nine of 
15 vs. six of 39) and diabetic (three of 15 vs. none of 39). 
Because IPE causes hypoxaemia and because myocardial 
ischaemia can cause reversible myocardial dysfunction we 
do not know whether the myocardial dysfunction in these 
cases contributed to causation of IPE or was the result of IPE.

NEGATIVE PRESSURE BREATHING

There is increasing evidence that divers using closed circuit 
(CCR) and semi-closed circuit rebreathers are at increased 
risk of IPE compared to divers using open circuit (see 
discussion below of divers 10, 11 and 12). The first reported 
CCR diver was a 20-year-old combat diver using a CCR, who 
had done 17 previous dives with the equipment, but whether 
the counter-lung was back- or front-mounted is not stated.28  
The authors noted that “the pressure difference between 
the lung centroid and the breathing bag of closed circuit 
scuba equipment when this is positioned higher than the 
diver’s suprasternal notch, produce transmural pulmonary 
hydrostatic forces that favor a fluid shift from the pulmonary 
capillaries to the alveoli.”28

A further 11 mine clearance divers who had IPE when using 
rebreathers have been reported; ten of which were semi-
closed circuit rebreathers worn on the back.29
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The effects of positive and negative pressure breathing at rest 
and during exercise (i.e., four interventions each for 30 min 
in random order on separate occasions) were investigated in 
16 male professional divers, mean age 34.4 + 12.1 years.30  
It appears that none had a history of IPE. In the divers 
orientated prone, breathing with a positive pressure was 
achieved by attaching a rebreather anteriorly and for negative 
pressure breathing the rebreather was attached posteriorly. 
Lung comet score, a grading of extra-vascular lung water 
detected by ultrasound, was the measure of interstitial 
pulmonary oedema. The ultrasound comet score was zero 
following dives at rest regardless of breathing pressure. 
Following exercise while maintaining the heart rate at
110 bpm, the mean comet score was 4.2 with positive 
pressure breathing and 15.1 with negative pressure 
breathing.30  This study suggests that IPE may occur in fit 
divers during exertion even if positive pressure breathing 
but negative pressure breathing increases the risk of IPE.

The same group also described a special forces trainee aged 
26 years who had IPE with a front-mounted counter-lung 
rebreather.31  The authors demonstrated that when in a head 
up position in the water with the automatic diluent valve 
adjusted as the diver had done, he was breathing against a 
negative pressure.

Swimmers and snorkellers are negative pressure breathers 
because their lung centroid is below the surface of the 
water. Their posture in the water will affect the degree 
of negativity. A scuba diver using a single hose demand 
valve will be positive pressure breathing if he descends 
head first and negative pressure breathing during ascent. If 
using a rebreather, the relative positions of the gas in the 
counter-lung and the diver's lung centroid will determine 
the pressure difference. The pressure difference may be 
dynamic. For example, as a diver in the prone position 
breathes from a back-mounted counter-lung, the reduction in 
volume may cause the negative pressure to increase towards 
end-inspiration for two reasons; 1) all counter-lungs have 
a degree of elastance and, therefore, the pressure in the 
counter-lung is slightly greater at the start of inspiration, and 
2) during inspiration the volume of gas in the counter-lung 
will decrease and the distance between the lung centroid and 
the gas “level” in the counter-lung will increase (G Anthony, 
personal communication, 2018). In addition, resistance to 
breathing of the equipment may affect generation of negative 
intrathoracic pressures, particularly as gas density increases 
with depth.

TIGHT SUIT/EQUIPMENT

Compression from a wetsuit increases urine volume.32  It is 
almost certainly the result of an increase in venous return 
and hence filling pressures. It is possible that a tight wetsuit 
would also increase pulmonary capillary pressure by the 
same mechanism.

Illustrative case reports

Therefore, it appears that the risk of experiencing IPE is 
determined by factors intrinsic to the diver or swimmer and 
extrinsic factors related to the conditions during immersion 
and the equipment used during a dive. Investigation and 
analysis of events may be required to determine causation. 
Some previously unreported cases have been selected as 
examples to provide insight into the mechanisms involved. 
Patients gave consent for publication of the description of 
their case reports.

Hypertension

Hypertension is the most frequent intrinsic factor found in 
divers who had IPE. Some were known to have hypertension 
before they had IPE. Many of those divers stop diving and 
remain well thereafter. The majority of divers that I see 
with IPE had it diving in cool UK waters, but as more UK 
diver travel abroad for diving holidays, a greater number are 
reporting IPE when immersed in warm waters.

CASE 1

A 67-year-old female had performed 240 dives breathing air 
on open circuit scuba: 153 in British waters wearing a drysuit 
and 87 in warm seas wearing a wetsuit. She had dyspnoea, 
cough and haemoptysis during three warm-water dives 
(depths 12–30 metres' sea water (msw) at ages 58, 64 and 
67. CXR confirmed pulmonary oedema on the last occasion. 
Apart from hypertension, first found during pregnancy, her 
cardiac findings, ECG and echocardiogram were normal. A 
treadmill exercise test was normal except for an exaggerated 
blood pressure response. She stopped diving and remained 
well 11 years later.

Some people who get IPE develop hypertension later. Some 
also had high altitude pulmonary oedema, as occurred in the 
first case seen in 1977.9

CASE 2

A female, who had done 40 dives in warm waters during 
her vacations, had four episodes of IPE between the ages of 
55 and 66 years. Three occurred when scuba diving (depths 
14–30 m) breathing air or nitrox 32 on open circuit. One was 
when snorkelling on the surface. She also had an episode 
of high altitude pulmonary oedema after a rapid ascent to 
14,500 feet in Ecuador. A subsequent ECG, echocardiogram, 
treadmill exercise test, urinary catecholamine excretion and 
renal ultrasound were normal. She has not dived for eight 
years but has continued to snorkel without recurrence of 
IPE. She subsequently developed hypertension.

Two men had renal artery stenosis (cases 3 and 4). Neither 
had pulmonary oedema out of the water, but it appears 
that in these individuals, who had activation of the renin-
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angiotensin-aldosterone axis, the additional effects of 
immersion triggered pulmonary oedema.

CASE 3

A commercial diver had scuba dived since age 14 and done 
many thousands of uneventful dives. Hypertension was 
diagnosed at age 48. Between the ages of 49 and 51, he did
65 dives and had nine episodes of severe dyspnoea, 
sometimes expectorating bloodstained froth. The first 
episode was when snorkelling in tropical water. Eight 
episodes were when using open circuit scuba: one was in 
a heated training pool and six episodes were when diving 
with air as the breathing gas in tropical water wearing a wet 
suit. The depths were 6–40 msw. Another diver rescued him 
because of severe dyspnoea on one occasion.

The eighth episode was when diving to 15 msw in 
the English Channel, wearing a drysuit and breathing 
nitrox32. Water temperature was 8°C. He became severely 
breathless 25 min into the dive. He had bilateral pulmonary 
crepitations and CXR confirmed pulmonary oedema. 
Outpatient investigations showed persistent hypertension; 
left ventricular hypertrophy (LVH) and global impairment of 
left ventricular (LV) systolic function (ejection fraction 42%) 
on echocardiography; impaired renal function (glomerular 
filtration rate 63 ml∙min-1); normal urinary catecholamine 
excretion; and a severe stenosis of the left renal artery 
consistent with fibromuscular dysplasia on a CT angiogram. 
Following balloon angioplasty of the renal artery stenosis 
his blood pressure was controlled very well on amlodipine
10 mg daily. He returned to diving and performed hundreds 
of commercial dives in both tropical and British waters 
during the next eight years without event.

At age 59 he had another episode of IPE after 30 min when 
at 16 m depth in 16°C water. (He had performed longer 
working dives in the two preceding days without problems.) 
Soon after he surfaced he became unconscious. His initial 
oxyhaemoglobin saturation in hospital was 79% on 100% 
oxygen. CXR again confirmed pulmonary oedema. ECG 
showed lateral T-wave inversion. Measurements of troponin 
were normal. He improved over two days, but after returning 
to the UK he had dyspnoea on exertion and nocturnal 
dyspnoea. Two months later his ECG was unchanged, and 
an echocardiogram showed LVH with moderate global 
impairment of LV function. A CT angiogram showed 
no recurrence of the renal artery stenosis. A myocardial 
perfusion scan showed no evidence of ischaemia but the LV 
was dilated with an ejection fraction of 33%. The current 
diagnosis is LV dysfunction secondary to hypertension. He 
will not dive again.

In case 4, in addition to renal artery stenosis there were other 
risk factors for IPE (fluid loading and a long duration dive 
using a rebreather).

CASE 4

A 57-year-old male with mild hypertension had performed 
240 scuba dives in the five years preceding an episode 
of pulmonary oedema. Most dives were on open circuit 
scuba, but 72 dives were with a rebreather (Evolution Plus, 
Ambient Pressure Diving Ltd, Cornwall, UK). For 15 of 
the dives using the rebreather, the breathing gas was trimix. 
During a holiday in the tropics, he performed two dives per 
day for three weeks. The breathing gas on some dives was 
air on open circuit and on others it was trimix using the 
CCR. In the few hours before the next deep trimix dive, 
he drank more than 3 L of fluid. The maximum depth was
89 msw and duration 81 min. He became progressively more 
breathless from 12 min into the dive with a cough during the 
ascent, but managed to follow his planned decompression 
schedule. However, he needed assistance from his dive 
buddy and about half a metre below the surface he lost 
consciousness. On regaining consciousness, he expectorated 
blood-stained froth but had no chest pain. CXR and CT 
chest showed pulmonary oedema. An ECG showed lateral 
T-wave inversion. Two weeks later a repeat ECG showed 
persistence of lateral T-wave inversion, but subsequently 
the T waves became normal. An echocardiogram showed 
mild aortic valve thickening without stenosis and good LV 
function. During a treadmill exercise test, he completed 
12 min of the Bruce protocol without chest pain or ECG 
changes. Blood pressure rose to 190/100 on exercise. An 
MRI angiogram showed stenosis of the left renal artery. The 
kidneys and the adrenal glands were normal. The stenosed 
left renal artery was stented. Since returning to diving, he has 
performed 160 dives - using a CCR for 121 dives (deepest 
101 msw and longest over 185 min) and using open circuit 
for 39 dives. without recurrence of symptoms. He now avoids 
over-hydration before dives.

Case 5 also suggested the possibility of excessive activity 
of the renin-angiotensin-aldosterone axis as a contributor 
to IPE in some cases.

CASE 5

A 47-year-old female had done 357 uneventful dives before 
having pulmonary oedema when diving to 30 msw, breathing 
air on open circuit scuba in British waters. It was the first 
day of her menstrual cycle. Her weight often increased 
1.5 kg at the start of menstruation. Before this particular 
dive, she had peripheral oedema and felt bloated, which 
was not unusual at that stage of her cycle. She had cough 
and dyspnoea 21 min into the dive. Her consciousness 
level was impaired. CXR confirmed pulmonary oedema. 
Oxyhaemoglobin saturation was 84%. Cardiac enzymes and 
ECGs were normal. An echocardiogram four days later was 
normal. Lung function tests and treadmill exercise tests were 
normal. In the subsequent 10 years she has been well, with 
normal blood pressure and she has done about 50 uneventful 
shallow dives.



Diving and Hyperbaric Medicine  Volume 49 No. 1 March 201936

Case 5 had pulmonary oedema on the first day of menstruation 
when she was oedematous. Fluid retention in the late-luteal 
phase of the menstrual cycle is related to activation of the 
renin-angiotensin-aldosterone axis.33  Pulmonary oedema 
at the time of menstruation in 14 consecutive menstrual 
cycles was reported in a woman with mitral stenosis and was 
attributed to fluid retention and increased blood volume.34

Other cardiac diseases

As stated before, hypertension is the most common 
cardiovascular finding in divers presenting with IPE. Most 
have preserved LV function, but some have LV systolic 
dysfunction on an echocardiogram and/or a cardiac MRI 
scan, but without significant coronary narrowing or evidence 
of myocardial infarction. In a far smaller number of cases, 
IPE is the presenting event in divers who have significant 
coronary artery disease, dilated cardiomyopathy or valvular 
disease.

CASE 6

A 56-year-old male had two episodes of pulmonary oedema 
during consecutive shallow dives using open circuit scuba 
in tropical water. His work involved heavy lifting but he 
had no cardiac symptoms in everyday life. He had dived for
10 years but only on his annual vacations in tropical water. 
He became unusually breathless during his first dive of a 
holiday, a gentle dive to 8 msw for 55 min, but he recovered 
quickly afterwards. The next day, 13 min into another 8 msw 
dive he had cough and severe dyspnoea. He had signs and the 
CXR appearances of pulmonary oedema. There was a loud 
mitral systolic murmur. Cardiac enzymes and an ECG were 
normal. An echocardiogram showed that the left ventricle 
was mildly dilated with prolapse of the posterior mitral valve 
leaflet causing moderate mitral regurgitation into a dilated 
left atrium. Cardiac catheterisation showed pulmonary 

artery pressure 62/24, mean 40 mmHg; mean pulmonary 
capillary wedge pressure 23 mmHg; left ventricular 
end diastolic pressure 29 mmHg; and aortic pressure
117/73 mmHg. Coronary angiography showed severe 
stenoses in the proximal left anterior descending and right 
coronary arteries. He had a mitral valve repair and two 
coronary artery bypass grafts. He has not dived again in 
eight years following surgery.

Takotsubo cardiomyopathy and emotional stress

Takotsubo cardiomyopathy has been described in association 
with IPE.26,27  I have seen only one case.

CASE 7

A 59-year-old female had done over 600 dives in 27 years 
and developed pulmonary oedema during a dive to 29 msw 
for 33 min off the Canary Islands. She breathed air on open 
circuit scuba. She wore a wetsuit, but felt cold. She had 
dyspnoea without chest pain and expectorated bloodstained 
froth. CXR confirmed pulmonary oedema. Blood gases 
showed severe hypoxaemia. Her ECG showed ST elevation 
evolving to T-wave inversion in anterior and inferior leads 
and Troponin T was elevated. Two days later, a coronary 
arteriogram showed normal coronary arteries. The left 
ventriculogram was typical of Takotsubo cardiomyopathy 
(Figure 2). Four months later blood pressure was 180/80, 
but ECG, CXR and echocardiogram were normal. During 
a treadmill exercise test she completed 11 minutes of the 
Bruce protocol without abnormality. She did not dive 
in the subsequent four years and remained well, but has 
hypertension.

In this and other cases there is uncertainty whether the 
Takotsubo cardiomyopathy was the cause of IPE or the 
result of the stress of the events. Certainly, other divers 

Figure 2
Left ventriculogram of Case 7 who had Takotsubo cardiomyopathy associated with immersion pulmonary oedema,

showing the end diastolic frame (left panel) and end systolic frame
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with stressful episodes precipitating IPE have no evidence 
of Takotsubo cardiomyopathy (Cases 8 and 9).

CASE 8

A 65-year-old male had performed over 1,000 dives before 
he had an episode of immersion pulmonary oedema during 
a highly stressful dive to 30 msw using open circuit scuba in 
the Mediterranean. Clinical features of IPE were confirmed 
by CXR and CT chest; ECG and troponin were normal. 
During a treadmill exercise test there was an exaggerated 
blood pressure response (maximun 230/95). Ambulatory 
blood pressure recording confirmed hypertension. An 
echocardiogram showed concentric LVH, confirmed on a 
cardiac MRI scan, but there was no evidence of ischaemia, 
infarction or fibrosis. Urinary catecholamine and cortisol 
excretion, plasma aldosterone and renin concentrations and 
a renal ultrasound were normal. In the six years since his 
episode of IPE he has continued diving without recurrence.

CASE 9

A 53-year-old female had performed more than 1,000 
uneventful dives using open circuit scuba in 29 years. Most 
were in the UK. She then performed two uneventful dives 
one day in Scottish waters wearing a neoprene drysuit. The 
next day she felt congested and took a proprietary brand 
of pseudoephedrine 60 mg one hour before a 47 msw 
dive breathing air. She had not used pseudoephedrine for
10–15 years. It was dark and she became separated from 
her buddy. She felt stressed. During the ascent she started 
to cough, had chest tightness and felt breathless. On the 
surface she coughed up bloodstained froth. Oxyhaemoglobin 
saturation was 80%. CXR showed widespread pulmonary 
oedema. An ECG was normal apart from sinus tachycardia. 
Cardiac enzymes were normal. She was treated with CPAP. 
Blood pressure, an echocardiogram, a cardiac MRI and stress 
perfusion imaging were normal. She has not dived in three 
years since she had IPE and remains well.

This experienced diver had IPE after a stressful dive and after 
she had taken pseudoephedrine. Takotsubo-like myocardial 
dysfunction can be associated with phaeochromocytoma.35  
Pseudoephedrine has sympathomimetic properties, but 
she had no evidence of Takotsubo cardiomyopathy. She 
was not and is not hypertensive, but pseudephedrine 
causes vasoconstriction and can increase blood pressure.36

It is possible that in a situation when there was increased 
preload from immersion and increased afterload from cold 
exposure, the combination of stress and pseudoephedrine 
acted synergistically to precipitate IPE.

IPE during use of a rebreather

A number of divers who had dived for years without 
problems had episodes of IPE soon after starting to use a 
rebreather, particularly when there was a back-mounted 
counter-lung. Case 10 is an example.

CASE 10

A 29-year-old male had a single episode of pulmonary 
oedema during his thirteenth dive using a CCR (Inspiration 
Vision, Ambient Pressure Diving Ltd, Cornwall, UK) and 
breathing nitrox. He had performed about 300 dives in cool 
British waters and about 100 dives in warmer seas using 
open circuit scuba without problems. He breathed air on 
about half the dives and nitrox on the others. The deepest 
dive was 44 msw. He did four uneventful training dives with 
the CCR before he went on a trip to the Orkney Isles. The 
episode of pulmonary oedema occurred on the ninth dive of 
the trip. The maximum depth of the dive was 38 msw. Cough 
and dyspnoea started about 30 min into the dive when at
25 msw. He expectorated bloodstained froth. He had bilateral 
pulmonary crepitations. Oxyhaemoglobin saturation was 
94%. CXR confirmed pulmonary oedema. Subsequently 
his blood pressure, cardiovascular examination, an 
ECG, echocardiogram, treadmill exercise test, urinary 
catecholamine excretion and CT renal angiogram were all 
normal. He has stopped diving and has been well without 
cardiac problems in the subsequent seven years.

CASE 11

A scuba instructor was first seen at age 43 years. He is 
now age 50. Over 24 years he had performed more than 
2,000 uneventful dives using open circuit scuba with 
breathing gases being air, nitrox and trimix (deepest 
96 msw). He also used rebreathers for about 150–200 
dives, breathing nitrox and trimix. The average duration 
of dives using the rebreather was approximately 90 min. 
When first seen he described five episodes of dyspnoea, 
wheeze, cough and expectorated bloodstained froth 
when diving using a CCR with a back mounted counter-
lung (Ouroboros, VR Technology Ltd, Dorset, UK).

CXR confirmed pulmonary oedema on one occasion. 
All five episodes of pulmonary oedema occurred when 
he used the CCR in cool British waters. He did not have 
episodes when using the rebreather in warm water or 
when using open circuit in cold or warm water. Some 
IPE episodes occurred when breathing nitrox and others 
occurred when breathing trimix with depths of dives 
from 30–84 msw. The onset of episodes was consistently
25–30 min into the dive, but he had no symptoms on 
some longer dives (over 90 min duration). Blood pressure, 
cardiovascular findings, ECG and echocardiogram were 
normal. During a treadmill exercise test he completed 19 min 
of the Bruce protocol without difficulty. He also described 
occasional irregular palpitations.

He returned to diving predominantly using open circuit scuba 
but occasionally using the Ouroboros CCR. At age 45, he 
reported another episode of IPE when diving in cold water 
using his CCR. Then at age 46, he had pulmonary oedema 
using the Ouroboros in warm water in Florida when he had 
to swim hard against a current. At age 48 he had IPE with 
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expectoration of blood-stained froth when he snorkelled 
rapidly in a wet suit across a cold lake in the UK. He tried 
diving using other rebreathers, including five dives on the 
Sentinel CCR (VR Technology Ltd, Dorset, UK). At age 
49 he performed two dives in one day in a lake in the UK 
wearing a dry suit and using the Sentinel. The first was for 
32 min duration. He started to wheeze 58 min into the second 
dive and on surfacing expectorated pink froth. Subsequently 
he developed persistent atrial fibrillation requiring catheter 
ablation. His blood pressure remains normal.

Case 11 initially had IPE only when using a CCR in cold 
water, but later had IPE when using it on a dive in warm water 
when there was significant exertion and when snorkelling 
rapidly in cold water. Later he had IPE when using a 
different make of rebreather that also has a back mounted 
counter-lung. Subsequent onset of atrial fibrillation raises 
the possibility of LV diastolic dysfunction in the absence 
of hypertension. It appears that Case 11 had IPE only when 
there were at least two of three risk factors that increased the 
pressure gradient across the pulmonary capillaries, namely 
negative pressure breathing from a rebreather with a back 
mounted counter-lung, cold and/or exertion.

In some cases the onset of symptoms appears linked to an 
event during use of a rebreather that increased negative 
inspiratory pressure.

CASE 12

A 48-year-old male had performed more than 100 dives on 
open circuit with durations up to 80 min and a number of 
triathlons without problems. He performed eight training 
dives with a CCR with a back mounted counter-lung 
(RedBare, Vobster Marine Systems, Somerset, UK). His 
next dive was his first recreational dive with this CCR. He 
drank a litre of fluids in the four hours before the dive. Water 
temperature was 5°C. He wore a drysuit. After 40 min at 
10 m he descended to practice manual injection of diluent 
but failed to inject the diluent quickly enough and tried to 
inhale from an under-filled counter-lung, exerting a forceful 
negative pressure as he did so. He immediately experienced 
difficulty breathing. After surfacing he expectorated blood 
streaked frothy sputum. He was found to have hypertension, 
but an ECG, an echocardiogram, CT coronary angiogram 
and renal function were normal.

In Case 12, a single inspiration with forceful negative 
pressure appears to have triggered the onset of IPE. This 
is analogous to attempted inspiration with laryngeal 
obstruction.

Medical conditions

Some medical conditions may also increase negative 
pressures during inspiration.

CASE 13

A 45-year-old female had four episodes of IPE in 26 dives 
using open circuit scuba. The first was on her third dive and 
was in the UK. She became breathless after 6 min at 7 msw. 
After surfacing she coughed up frothy sputum. Next, she was 
breathless after a surface swim to a dive site in Fiji and had 
to abort the dive almost immediately she started to descend. 
The last two episodes occurred on consecutive days in the 
Mediterranean. On each occasion she became breathless 
soon after the start of the dive and on surfacing coughed up 
bloodstained froth. Symptoms resolved in between one and 
three hours. Blood pressure, ECG and echocardiogram were 
normal. She has Ehlers Danlos syndrome with a history of 
joint dislocation and an abnormally mobile trachea such that 
she finds that she needs to sleep with her neck in a certain 
position to prevent her waking with choking at night. She 
uses CPAP for sleep apnoea. Lung function tests and a CT 
chest were normal. She has stopped diving.

The lack of rigidity of the airway in Ehlers Danlos syndrome 
can cause dynamic extrathoracic airway obstruction.37–39  
Dynamic extrathoracic airway obstruction causes the greatest 
limitation of flow during inspiration, when subatmospheric 
intraluminal pressure draws the obstructing lesion inward, 
reducing the diameter of the airway lumen.40  It can cause 
pulmonary oedema unconnected with immersion.41  It is 
possible that in case 13, dynamic extrathoracic airway 
obstruction from her Ehlers Danlos syndrome coupled with 
the transpulmonary pressure gradient during immersion 
acted in synergy to increase negative airway pressures during 
inspiration, which coupled with other effects of immersion, 
caused IPE.

Death from IPE

IPE can cause sufficient hypoxia to result in unconsciousness, 
so it is probable that it can cause death. Some deaths from 
IPE have been described in the literature.8,42,43  In the UK, 
coroners have certified IPE as the cause of some diving 
deaths.

Making a diagnosis of IPE in a diver or swimmer who 
survives and is able to give a history of the events is much 
easier than making a diagnosis of IPE in someone who has 
died. At post mortem examination it may be difficult to 
distinguish pulmonary oedema fluid from inhaled fluid. The 
greater difficulty is that pulmonary oedema formation after 
death is very common and particularly so when resuscitation 
is attempted.44  The reason is that when cardiac function 
ceases in a normally hydrated person, all intravascular 
pressures equalise at approximately 40 mmHg – not at zero. 
A pulmonary capillary pressure of 40 mmHg exceeds the 
plasma oncotic pressure and transudation occurs. During 
efficient cardiac massage forward flow occurs so more 
blood enters the pulmonary capillaries from the right heart 
to replace the plasma that has passed into the alveoli. In 
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addition, during chest compression, all cardiac chambers are 
compressed, so there is backpressure from the left atrium 
to pulmonary capillaries. Therefore, unless a person dies 
from haemorrhage or is severely hypovolaemic at the time 
of death, pulmonary oedema is the usual pulmonary finding 
at post mortem.44

Therefore, in order to diagnose IPE as the cause of death 
one needs to rely on other indirect evidence. It might be that 
other divers observe that the diver was breathing rapidly for 
no obvious reason or see a change to a secondary breathing 
gas supply when the primary gas supply is later found to be 
working satisfactorily. Occasionally there is photographic 
or video evidence of the events to suggest IPE.

Using such evidence, it seems probable that IPE is the cause 
of death in a significant number of UK divers who died. In 
particular, some very experienced UK scuba divers, who had 
performed thousands of dives over many years, appear to 
have died from IPE during their earliest dives, often training 
dives, using rebreathers.
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