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Introduction: The mechanism of immersion pulmonary oedema occurring in healthy
divers is a matter of debate. Among consecutive injured divers admitted to our
hyperbaric centre, we analysed prospective data about pulmonary oedema.
Method: A total of 22 divers suffering from immersion pulmonary oedema without
cardiac disease were included. The occurrence of events was compared to the diving
conditions as assessed by diving-computer. Each patient underwent a clinical
examination, laboratory tests, thoracic CT scan and echocardiography.
Results: The median age was 49 years, with a higher proportion of women, in
comparison with the data of the French diving federation. The common feature was
the occurrence of respiratory symptoms during the ascent after median dive duration
of 29 min with strenuous exercise and ⁄ or psychological stress. Most of the dives
were deep (37 msw–121 fsw) in cool water (15C-59F). The average inspired
oxygen partial pressure was 0Æ99 bar. Progression was rapidly favourable, and the
medical check-up after clinical recovery was normal.
Conclusion: Immersion, body cooling, hyperoxia, increased hydrostatic pressure and
strenuous exercise likely combine to induce pulmonary oedema in patients without
cardiac disease. This study underlines new physiopathological tracks related to the
frequent occurrence of symptoms noticed in the last part of the ascent and a higher
incidence in women.

Introduction
The occurrence of pulmonary oedema during strenuous
swimming or SCUBA (self-contained underwater breathing
apparatus) diving in cold water was first reported by Wilmshurst
et al. (Wilmshurst et al., 1989). These authors hypothesized that
pulmonary oedema resulted from an increased pulmonary
capillary pressure because of peripheral blood being shifted into
the thorax as a result of hydrostatic pressure during immersion.
This centralization of blood volume would be reinforced in cold
water because of the peripheral vasoconstriction. Weiler-Ravell
et al. reported a pulmonary haemorrhage during the first 45 min
of strenuous swimming in temperate Mediterranean waters
(23C–73F) (Weiler-Ravell et al., 1995). Strenuous exercise
markedly increases pulmonary blood flow and may favour
pulmonary oedema (West & Mathieu-Costello, 1992). In fact,
the mechanism of pulmonary oedema during immersion is a

matter of debate as few data are available on the actual diving
conditions of occurrence. Furthermore, individual susceptibility
to develop this phenomenon remains unclear. Pons et al. did not
measure any significant change in forearm vascular resistance,
left ventricular function and blood level of vasoreactive
hormones during a cold exposure test in patients with a history
of pulmonary oedema during scuba diving (Pons et al., 1995).
These findings were probably attributed to the fact that their
cold exposure test was either not intense enough or counteracted by regulatory mechanisms. Indeed, Wilmshurst et al.
demonstrated a larger increase in forearm vascular resistance
during a cold pressure test compared to a control group and
reported subsequent development of hypertension (Wilmshurst
et al., 1989).
In this work, divers admitted to the hyperbaric centre with
suspected immersion pulmonary oedema were prospectively
investigated to look over tracks of physiopathological pathways.
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Methods
Study setting and design
From 1st January 2003 to 1st July 2009, all injured divers
admitted to our hyperbaric centre and suffering from respiratory
troubles, were investigated. Investigations included clinical
examination with full history, ECG recording, determination
of venous blood levels of brain natriuretic peptides (NT proBNP or BNP) and troponin, blood gas analyses, standard chest
radiography, thoracic tomodensitometry and transthoracic
echocardiography. Divers used a diving-computer that recorded
diving profiles (length, depth, diving profile, ascent speed and
decompression stop time) and allowed the measurement of
water temperature.
The diagnosis of immersion pulmonary oedema was supported by history, clinical presentation and results of biological
and radiological investigations. We did not include cases in
which the clinical history suggested drowning, pulmonary
barotraumas, chokes or hypercapnia. BNP above 100 pg ml)1 in
non-obese patients, NT-proBNP above 450 pg ml)1 for patients
younger than 50 years old and NT-proBNP above 900 pg ml)1
for those 50 years or older, strongly suggested the diagnosis of
congestive heart failure in patients with dyspnea (Daniels &
Maisel, 2006). A troponin value above 0Æ35 ng ml)1 was
considered as abnormal. Chest radiography and thoracic
tomodensitometry were analysed by two independent radiologists. The following signs were considered for the determination
of the presence of immersion pulmonary oedema: (i) loss of
sharp definition of pulmonary vascular markings; (ii) diffuse
opacification; (iii) interlobular septal thickening; (iv) peribronchial cuffing; (v) fissural thickening and (vi) pleural effusion
(Gluecker et al., 1999). Tomodensitometry filtered out signs of
barotraumas (pneumothorax and pneumomediastinum).
Only presumed healthy subjects were enrolled in this study;
divers with history of cardiac diseases or abnormal echocardiographic examination were excluded.
All experimental procedures were conducted in accordance
with the Declaration of Helsinki and were approved by the local
ethics committee. Each method and the potential risks were
explained to the participants in detail, and they all gave written
informed consent before the experiment.
Statistical analysis
Data are presented as median (range). The sex ratio was
compared to that of the whole population with diving accident
using Fishers exact test. Significance was accepted if P<0Æ05.

Results
Among 453 consecutive patients (23% women, average age:
41 ± 9 years) admitted to our hyperbaric centre for a diving
accident, 54 patients suffered from dyspnoea and ⁄ or cough and
were invited to participate in the study. We did not include

subjects for whom the accident was attributed to drowning
(n = 1), pulmonary barotraumas (n = 16), chokes (n = 2) or
hypercapnia (n = 4). Patients with a history of coronary disease
(n = 1), hypertension (n = 4), cardiac valvulopathy (n = 1)
were excluded from the study. Moreover, echocardiographic
examination found left ventricular dysfunction in three divers
leading to the exclusion of these subjects.
Population studied
A total of 22 patients suffering from immersion pulmonary
oedema without cardiac disease were included in the study. The
median age of victims of immersion pulmonary oedema was
49 years (range: 29–66 years) and body mass index 25Æ2 kg
m)2 (range: 21Æ2–28Æ5 kg m)2). Among the 22 patients, 14
were women. There was statistically higher incidence in the
female divers (P<0Æ001) in comparison with diving accident
examined over the same period (453 patients, 104 women).
Nine were menopausal (natural: seven, surgical: two).
Diving characteristics associated with pulmonary oedema
Diving characteristics are listed in Table 1, and the example of
diving profile is illustrated in Fig. 1. The dives were deep with
the median depth of 37 msw (121 fsw) (range: 10–63 msw,
33–207 fsw) and median duration of 29 min (range: 15–
42 min) in water at a median of 15C (59F) (range: 13–27C,
55–81F). All divers wore a 5–7 mm thick wetsuit. Median
maximal inspired oxygen partial pressure was 0Æ99 bar (range:
0Æ42–1Æ53 bar). Most of them had good diving levels (from
medium to experienced recreational divers), but fourteen were
training in rescue procedures with iterative ascents. During the
dive, none of them experienced any sensation of expiratory
blocking.
Symptoms
The symptomatology always began during the ascent, except for
patient 12 whose first symptoms occurred after only 15 min of
diving at 10 msw (33 fsw). Seven patients reported that their
symptoms appeared during the last 10 metres (33 ft) of the
ascent. Three divers did not perform their decompression step
because of an important dyspnoea. Some divers reported
unpleasant cold sensation within the last 15 min of immersion
(n = 8), hard effort (n = 13) and ⁄ or anxiety (n = 5). As soon
as they were out of the water, tachypnea was noticed in all the
patients, associated with cough in seventeen and frothy sputum
in eight. Nine divers reported haemoptysis. Also three patients
said that they had suffered a similar cough during a previous
dive, which had ceased spontaneously in <24 h.
Clinical examination
On hospital admission (Table 1), clinical examination evidenced mostly a bilateral pulmonary oedema that was well
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Table 1 Diving conditions and clinical observations.

Case

Age,
year ⁄ sex

Water
temperature
(°C)

Depth
(msw)

PIO2
(bar)

Duration
(mn)

SaO2
(%)

PaO2
(mmHg)

Troponin
(ng ml)1)

Natriuretic
peptides
(pg ml)1)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

46 ⁄ M
48 ⁄ F
50 ⁄ M
50 ⁄ F
59 ⁄ M
43 ⁄ M
37 ⁄ F
50 ⁄ F
66 ⁄ M
29 ⁄ F
32 ⁄ F
56 ⁄ F
49 ⁄ F
38 ⁄ F
49 ⁄ M
63 ⁄ F
49 ⁄ F
47 ⁄ F
50 ⁄ M
45 ⁄ F
45 ⁄ M
43 ⁄ F

19
15
15
19
15
13
27
25
20
13
13
14
13
14
13
22
18
14
15
14
13
14

13
21
20
36
63
25
40
41
20
38
25
40
10
42
40
38
37
15
38
37
37
40

0Æ48
0Æ65
0Æ63
0Æ97
1Æ53
0Æ74
1Æ05
1Æ07
0Æ63
1Æ01
0Æ74
1Æ05
0Æ42
1Æ09
1Æ05
1Æ01
0Æ99
0Æ53
1Æ01
0Æ99
0Æ99
1Æ05

19
40
20
25
20
32
30
30
20
30
40
33
15
31
26
42
33
20
25
30
27
15

82
nd
90
94
85
94
98
nd
96
97
94
95
92
96
95
89
91
92
88
96
94
95

65
nd
58
62
48
73
90
nd
86
74
79
71
65
69
70
57
53
60
59
70
77
71

0Æ22
nd
0Æ17
0Æ02
0Æ09
0Æ05
0Æ01
0Æ02
0Æ04
0Æ01
nd
0Æ06
1Æ6
nd
0Æ01
0Æ6
1Æ47
1
0Æ16
0Æ02
0Æ01
0Æ7

nd
nd
nd
417 (NT pro BNP)
45 (NT pro BNP)
384 (NT pro BNP)
47 (BNP)
326 (NT pro BNP)
nd
134 (BNP)
119 (BNP)
57 (BNP)
708 (BNP)
nd
nd
190 (BNP)
200 (BNP)
700 (BNP)
131 (BNP)
175 (BNP)
66 (BNP)
177 (BNP)

Depth (msw)

BNP, brain natriuretic peptides; M, male; F, female; PIO2, inspired oxygen partial pressure; SaO2, arterial oxygen saturation without oxygenotherapy;
PaO2, arterial oxygen partial pressure without oxygenotherapy; nd, not documented.
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Figure 2 Example of standard radiography and thoracic tomodensitometry carried out less than 6 h after emersion. Imagery evidenced a
bilateral alveolar syndrome at the bases.
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Figure 1 Example of diving profile associated with an occurrence of
pulmonary oedema (the arrow indicates the onset of symptoms).

tolerated. The median mean arterial pressure was 94 mmHg
(range: 83–105 mmHg), and median heart rate was 89 beats
min)1 (range: 60–108 b min)1). At ambient air, the median
haemoglobin oxygen saturation was 93% (range: 82–98%), and
the median arterial oxygen partial pressure was 69 mmHg
(range: 48–90 mmHg). The standard chest radiograph showed
a bilateral alveolar damage syndrome mainly localized in the
pulmonary bases. CT scan was performed within the first 6 h
after emersion. Alveolar-interstitial syndrome was consistent
with the diagnosis of pulmonary oedema (Fig. 2). In five

patients, an increased troponin plasma level was found within
24 h after emersion, without any ECG abnormality or chest
pain. In nine patients, natriuretic peptide levels were considered
as reflecting congestive heart failure, but none of them had any
abnormal cardiac echocardiogram.
Treatment
The usual treatment included normobaric oxygen therapy. The
patients went back home after 24–48 h. None of them required
treatment with a diuretic or inotropic agent. As a result of the
lack of decompression stop, two patients were treated by
hyperbaric oxygen therapy at 2Æ5 atmospheres absolute during
60 min.
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Six months after the accident, clinical status, respiratory
function, cardiac echography and exercise tolerance test were
normal in all patients.

Discussion
According to the present case series, various stressors such as
immersion, cold exposure, hyperoxia and strenuous exercise are
probably involved in the physiopathology of immersion
pulmonary oedema in healthy subjects. Furthermore, new
physiological tracks in relation with the frequent occurrence of
symptoms noticed in the last part of the ascent and a higher
incidence in women are suggested by this work.
Immersion causes central pooling of blood, which increases
venous return and cardiac preload (Arborelius et al., 1972;
Hampson & Dunford, 1997). Coldness further enlarges the
hemodynamic strains of immersion (Srámek et al., 2000).
Indeed, peripheral cold stimulation is common in recreational
diving, particularly in deep diving where the elevated ambient
pressure limits thermal protection by decreasing the thickness of
neoprene clothing. Peripheral body cooling also increases
systemic vascular resistance as evidenced by raised arterial
diastolic pressures, peripheral resistances and hence left ventricle
afterload (Arieli et al., 1997; Mourot et al., 2007). In our study,
cold-water immersion was thought to have promoted the
occurrence of pulmonary oedema because 15 patients dived in
water temperature below 16C (61F) and eight complained of
the cold despite their wetsuit. Also, the pulmonary capillary
pressure further increased during sustained fin swimming
(Mahon et al., 2002). Thirteen divers reported the heavy burden
of the physical effort they performed before the onset of the
respiratory symptoms. Thus, the effects of immersion, body
cooling and strenuous exercise probably combined to increase
the capillary-alveolar pressure gradient during diving.
Exposure to hyperoxia is usual in divers. In our study, the
median dive depth was 37 msw (121 fsw) with a median
inspired oxygen partial pressure of 0Æ99 bar (range: 0Æ48–
1Æ53 bar). During the inhalation of compressed air at 37 msw
depth, the partial pressure of inspired oxygen is equivalent to
the surface inhalation of a gas mixture containing 99% of
oxygen. In such conditions, heart rate is commonly decreased in
parallel with increased parasympathetic activity and a decreased
left ventricular contractility (Savitt et al., 1994; Lund et al.,
1999). Hyperbaric oxygen conditions also increase systemic
vascular resistance through a direct vasoconstrictor effect (Pelaia
et al., 1992). Hyperoxic-pulmonary inflammation may also
contribute to pulmonary oedema (Shupak et al., 2003). In a
recent animal study, hyperoxic breathing at <1Æ5 atmosphere
absolute resulted in diffuse pulmonary damage with an
extensive inflammatory response and alveolar-capillary destruction leading to oedema (Demchenko et al., 2007).
In addition, SCUBA divers inhale cold gas because the tank of
compressed air is immersed in ambient water, and decompression in the regulator also lowers the stream temperature.
Respiratory heat loss in the airway mucosa also increases as a

function of the elevated gas density (Burnet et al., 1990). Airway
cooling triggers bonchoconstrictor reflexes and mucosal
hypersecretion, accentuating the rise in respiratory resistance
(Fontanari et al., 1996). The depth-increased ventilatory or
panic of certain subjects opposes the regularity of amplified
ventilatory movements and may create shear forces in the airway
wall (Adir et al., 2004), eliciting mechanical and ⁄ or inflammatory injuries of the tracheobronchial and alveolar walls (West &
Mathieu-Costello, 1992; Slade et al., 2001). The conspicuous
frequency of haemoptysis in our series (41%) as in others
(Cochard et al.: 59%, Adir et al.: 56%) probably reflects a high
degree of mechanical strain of capillary-alveolar membrane
(Adir et al., 2004; Cochard et al., 2005).
During sustained fin swimming, exercise-induced hyperpnea
is superimposed on the mechanical high work of breathing a
dense gas mixture and on the obligatory additional load of the
SCUBA regulator (Weiler-Ravell et al., 1995; Thorsen et al.,
1999). Thus, hyperbaric conditions induce loaded breathing,
which requires large airway pressure swings on the adventitial
side of the capillary wall (Jammes & Roussos, 1995). As changes
in pleural pressure determine airway pressure swings along the
breathing cycle, this transmural strain applied to heart walls
triggers the release of natriuretic peptides (Nagashima et al.,
1995). In healthy trained divers, NT pro-BNP was found
increased after one hour of quiet dive, although plasma
concentration remained lower than 100 pg ml)1 and resumed
baseline levels within 24 h (Mourot et al., 2004; Gempp et al.,
2005). Conversely, in our series of pathological events, NT proBNP were markedly increased beyond the pathological thresholds when the first blood sampling of patients was performed
and then returned to normal range within 24–48 h. These
results provide strong evidence that high levels of BNP found in
divers free of cardiac failure reflected a marked cardiac strain,
probably via a combination of sustained exercise with loaded
breathing because of diving conditions and an increased
ventricular load from both immersion and cooling (Epstein
et al., 1989; Ray et al., 1990). In five divers, the cardiac strain
resulted in an increase in both troponin and natriuretic peptides.
Natriuretic peptides are known to favour plasma fluid extravasation (Curry, 2005). Consequently, plasma levels of natriuretic peptides measured at the end of a scuba dive should
provide an overall estimation of the myocardial strains encountered. The quick release of ANP may also participate in the
development of oedema, and secondary the later released BNP
could extend the process.
The already mentioned factors that might promote pulmonary oedema may be further potentiated by the occurrence of
circulatory bubbles, which are always present during decompression. Indeed, venous circulating bubbles are commonly
detected after SCUBA dives (Boussuges et al., 2006). Although
most of our divers respected decompression procedures, these
silent circulating bubbles may be the onset of an inflammatory
reaction in vascular endothelium, potentially promoting pulmonary oedema by damaging the alveolocapillar membrane
(Zwirewich et al., 1987). Bubbles may have been promoted by
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the iterative ascents performed by more than half of our divers.
Also, these SCUBA divers underwent a mouth pressure higher
than ambient hydrostatic pressure. Whenever the divers are
horizontal, the alveolar and capillary pressure gradient should be
very similar to normal, and when they are head down, the
gradient is reduced. During the ascent, the large venous return
persists, while a vertical head up posture imitates head out
immersion with its increased capillary pressure relative to
alveolar pressure. Superimposed on other factors, this change in
pressure regimen may bolster transmural pulmonary hydrostatic
forces and favour fluid shift from the pulmonary vasculature
into the alveoli during the last metres of the ascent (Lundgren,
1999).
In several studies, about half of the cases of immersion
pulmonary oedema occurred in women. Slade et al. reported
eight cases, five of whom were women with a mean age of
52 years (Slade et al., 2001). In our study, median age is
49 years, and 64% of patients are women. In comparison, the
women rate is only 23%, and the mean age is 41 years in the
population presenting diving accident. This data can be related
to the statistics of the French diving federation (30%, 35 years).
Guenette et al. observed that breathing work was higher in
female than that of male endurance athletes during progressive
exercise, because of smaller size of lungs in the former
(Guenette et al., 2007). Hopkins et al. suggested that smaller
lung size could promote interstitial pulmonary oedema (Hopkins et al., 1998). After menopause, loss of the vascular
protective effects of the sex hormones may unmask a population
of women more prone to hypertension who would incur a
higher risk of cardiovascular disease (Harrison-Bernard & Raij,
2000; Reckelhoff, 2001; Khalil, 2005). These hypotheses
should be studied in further works.
In summary, cardiopulmonary strain experienced during
SCUBA diving is because of common stressors such as water
immersion, cold exposure, hyperoxia, increased hydrostatic
pressure and strenuous exercise. Furthermore, the present case
series underlines new physiological tracks of immersion
pulmonary oedema related to the occurrence of symptoms in
the last part of the ascent and higher incidence in women. In
further studies, careful recordings of subject characteristics as
well as detailed circumstances of occurrence should help to
better understand the physiopathology of pulmonary oedema in
apparently healthy divers.
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