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Swimming-Induced Pulmonary Edema*

Clinical Presentation and Serial Lung Function

Yochai Adir, MD; Avi Shupak, MD; Amnon Gil, MD; Nir Peled, MD;

Yoav Keynan, MD; Liran Domachevsky, MD; and
Daniel Weiler-Ravell, MD, FCCP

Background: Acute pulmonary edema has been noted in swimmers and divers, and has been
termed swimming-induced pulmonary edema (SIPE). The mechanisms and consequences of SIPE
are unknown, and there are currently no series of carefully evaluated patients with this condition.
Herein we report the clinical presentation, incidence of recurrence, findings on physical
examination, chest radiography, and oxygen saturation in 70 trainees with a diagnosis of SIPE.
We also report the results of forced spirometry in a subgroup of 37 swimmers.

Methods: STPE was diagnosed when severe shortness of breath and cough were reported during
or after swimming, and were associated with evidence of pulmonary edema. During the years
from 1998 to 2001, 70 cases of SIPE were documented in young healthy male subjects
participating in a fitness-training program. Physical examination and pulse oximetry were
performed immediately. Chest radiographs were obtained in all cases 12 to 18 h following onset
of symptoms. In 37 swimmers, spirometry was performed at the time of chest radiography and
again after 7 days.

Results: All subjects complained of severe shortness of breath. Sixty-seven of the 70 subjects
(95.7%) had a prominent cough; in 63 subjects (90%), there was significant sputum production.
Hemoptysis was observed in 39 subjects (55.7%). Mean arterial oxygen saturation after swimming
was 88.4 £ 6.6% breathing air, compared with 98 = 1.7% breathing air at rest before the start of
the swimming trial (mean = SD) [p < 0.001]. Chest radiographs obtained 12 to 18 h after
swimming were normal in all cases. Sixteen trainees (22.9%) had a recurrence of SIPE.
Spirometry demonstrated restrictive lung function, which persisted for a week.

Conclusions: In our trainee population, SIPE is a not uncommon, often recurrent phenomenon
that significantly influences performance. It is not clear what predisposes to its occurrence or
recurrence and what, if any, are its long-term effects. (CHEST 2004; 126:394-399)
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Abbreviations: BGB = blood-gas barrier; HAPE = high-altitude pulmonary edema; SIPE = swimming-induced pul-

monary edema

T o fulfil its function, the blood-gas barrier (BGB)
in the mammalian lung has to satisfy two con-
flicting requirements. It has to be very thin, to allow
adequate gas exchange by passive diffusion, and
must at the same time be strong enough to withstand
high capillary pressures during exercise to avoid
stress-induced mechanical failure.! During maximal
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exercise in normal subjects, the capillary pressure at
the base of the lung has been estimated to exceed 25
mm Hg, a level that exerts great stress on the
capillary endothelium.!-* Indeed, it is well known
that some thoroughbred racehorses may have alveo-
lar bleeding during maximal exercise. This bleeding
has been attributed to a mean pulmonary artery
pressure and pulmonary capillary pressures of up to
120 mm Hg and 100 mm Hg, respectively.>7 Ani-
mal studies®~1° have shown that the elevated capil-
lary pressure results in structural damage to the
BGB, including disruption of areas of the capillary
endothelium, basement membrane, and epithe-
lium. These changes diminish alveolar septal barrier
function and allow for the development of high-
permeability pulmonary edema.

The prevalence of exercise-induced pulmonary
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edema in humans is unknown and is probably un-
derreported. Hopkins et al'' demonstrated in elite
human athletes that brief intense exercise results in
alteration of the BGB, with increased RBC and
protein concentrations in BAL fluid.

There are a number of reports!>-16 describing the
occurrence of acute pulmonary edema and hemop-
tysis in swimmers and divers. We previously reported
a series of eight swimmers with pulmonary edema
and hemoptysis during a single swimming time
trial.’2 In that particular event, overhydration was
thought to be an important contributing factor.
However, recurrent episodes in two of the swimmers
and other new cases associated with strenuous swim-
ming occurred without antecedent fluid loading.
During the years from 1998 to 2001, we diagnosed a
further 70 cases of swimming-induced pulmonary
edema (SIPE) in young, healthy male subjects par-
ticipating in a fitness-training program. We now
report on the clinical presentation, incidence of
recurrence, findings on physical examination, chest
radiography, and oxygen saturation in those cases.
We also report the results of serial lung function
(forced spirometry) in a subgroup of 37 of the 70
subjects.

MATERIALS AND METHODS

We prospectively examined participants in a swimming fitness-
training program. The subjects were healthy, nonsmoking men
aged 18 to 19 years. All were in good physical condition, and
periodically took part in a swimming time trial over 2.4 to 3.6
kilometers in the open sea. The swimming trials were conducted
while the sea was calm, and the average duration of the trial was
usually between 30 min and 45 min. Subjects swam in the supine
position wearing only a bathing suit, and using swim fins in a
semi-reclining or half-sitting posture, as required for this type of
activity. The average water temperature was 19.6 = 3.2°C. The
trainees were examined before the swimming trial, and were
found to be in a good state of health with a normal physical
examination. Arterial oxygen saturation measured by transcuta-
neous pulse oximetry while breathing room air and at rest was
normal (98 * 1.7%) in all trainees (Propaq model 104EL; Pro-
tocol Systems; Beaverton, OR).

SIPE was diagnosed when (1) severe shortness of breath and
coughing were reported during or after swimming in the absence
of seawater aspiration, and (2) evidence of pulmonary edema was
found on physical examination (bilateral inspiratory crackles that
did not clear with deep inspiration). Immediately on diagnosis, a
complete physical examination was conducted with special em-
phasis on the respiratory system, and arterial oxygen saturation
was measured again. A chest radiograph was obtained 12 to 18 h
after the onset of symptoms. A comprehensive interview of each
subject by the examining physician included a direct question as
to whether there was subjective evidence of seawater aspiration.

In a subgroup of 37 trainees, spirometry (ST-250; Fukuda
Sangyo; Chiba, Japan) was performed 12 to 18 h after SIPE was
diagnosed, and again 7 days later. Before testing, the spirometer
was calibrated according to the recommendations of the Ameri-
can Thoracic Society.'” FVC and FEV, were measured, and the
FEV,/FVC ratio was calculated. The best result of at least three
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tests was recorded. Forced spirometry data obtained for all
subjects in a similar fashion 12 months previously, at the time of
selection for the program, were available for comparison. Arterial
oxygen saturation was measured at rest before the swim and
immediately after diagnosis. Comparison among groups was done
by analysis of variance using SAS 6.03 (SAS Institute; Cary, NC).

RESULTS

Seventy cases of SIPE were diagnosed during a
3-year period (Table 1), an incidence of 1.8% for all
the swimming trials performed by the trainees. All
70 subjects complained of severe shortness of breath,
67 subjects (95.7%) had a prominent cough, and 63
subjects (90%) had sputum production. Pink froth or
hemoptysis was observed in 39 subjects (55.7%). Six
subjects (8.6%) complained of substernal chest pain.
Although 13 subjects (18.8%) reported a consider-
able amount of seawater in their mouths during
swimming, when directly questioned they all denied
overt aspiration. Sixty-four subjects (91.4%) had
basal inspiratory crackles on chest auscultation, and 6
subjects (8.6%) had expiratory wheezing (Table 1).
The mean oxygen saturation was low after the swim-
ming exercise, averaging 88.4 = 6.6% breathing air
compared with 98 = 1.7% before the start of the
swimming trial (p < 0.001) [Fig 1]. Findings of chest
radiographs obtained 12 to 18 h after the onset of
symptoms were normal in all cases. The trainees
were treated by oxygen via a breathing mask with a
reservoir, and some were treated with IV furo-
semide. All symptoms and evidence of pulmonary
edema, including hypoxemia, resolved within 24 h.
During the 3 years of the study, 16 trainees (22.9%)
had a recurrence of SIPE. In all cases, this took place
at least 3 months after the first incident.

In 37 randomly selected trainees with SIPE, we
were able to perform spirometry as they left the
water. We found absolute reductions in the mean
values of FVC and FEV, of 360 mL and 430 mL,
respectively. These changes represent a reduction of
7.1% and 8.8% from pre-exercise levels, which were
on record from routine testing, suggestive of an
acute restrictive ventilatory process. This pattern of

Table 1—Symptoms, Signs, and Clinical Findings in 70
Trainees With SIPE

Symptoms and Signs Subjects, No. (%)

Dyspnea 70 (100)
Cough 67 (95.7)
Hemoptysis 39 (55.7)
Sputum production 63 (90)
Chest pain 6 (8.6)
Basal inspiratory crackles 64 (91)
Wheezing 6 (8.6)
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FIGURE 1. Mean oxygen saturation for the 70 trainees at rest
before the swim (Pre), and immediately on diagnosis of SIPE
breathing air. All data are mean * SD. *, p < 0.001.

restrictive lung function persisted for a week (Table
2). Echocardiographic findings were normal 7 days
after SIPE was diagnosed in 20 of the 37 trainees in
whom it was performed. The arterial oxygen satura-
tion by pulse oximetry in this subgroup of 37 trainees
was significantly reduced from pre-exercise levels,
averaging 76 * 7.8% breathing air. The oxygenation
improved to 96.2 = 5.4% while breathing 100%
oxygen via a nonrebreathing mask (p < 0.01).

DISCUSSION

The occurrence of exercise-induced pulmonary
hemorrhage in galloping thoroughbred racehorses is
a well-known phenomenon'® that has been attrib-
uted to extremely high pulmonary vascular pres-
sures. Alveolar hemorrhage in this setting is most
likely due to stress failure of the pulmonary capillar-
ies.>-10

In contrast with the findings in animal studies,
such events are very rarely reported in athletes
during or after intense exercise. Previous reports!9-20
described acute pulmonary edema or recurrent he-
moptysis in a rugby player and two marathon runners
following extreme physical exertion. Another study!!

Table 2—Results of Spirometry Performed in 37
Trainees 6 to 12 Hours After the Diagnosis of SIPE
and 1 Week Later, and the Comparison With Baseline
Spirometry Data*

Spirometry Baseline 6to12h 1 wk
FVC, L 5.08 = 0.556  4.72 = 0.472% 4.89 * 0.467
FEV,, L 443+ 0576  4.04 £0.444f 414 = 0.410%
FEV\/FVC, %  87.7 + 5.92 86.4 + 6.47 85.1 £ 5.40

*Data are presented as mean = SD.
tp < 0.01.
tp < 0.003.
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has shown increased concentrations of RBCs and
protein in BAL fluid obtained 1 h after a simulated
cycling race, suggesting that intense exercise reduces
alveolar barrier function. No activation of proinflam-
matory pathways was found in the airspaces, sup-
porting the hypothesis that capillary stress failure is
responsible for these changes. In a follow-up study
from this same group, it was demonstrated that
short-term maximal physiologic stress is needed to
alter the integrity of the BGB, because sustained
submaximal exercise did not result in stress failure of
the pulmonary capillaries.2!

Caillaud et al?> demonstrated exercise-induced
hypoxemia, widening of the alveolar-arterial oxygen
pressure difference, and reduced diffusion capacity
for carbon monoxide in highly trained athletes after
a triathlon. Increases in lung density and in the
number of opacities, suggesting an increase in pul-
monary extravascular fluid, were diagnosed by CT of
the chest in these athletes.

The relatively frequent occurrence of swimming-
induced or immersion-related pulmonary congestion
in healthy individuals, in comparison with the appar-
ent rarity of the phenomenon following nonimmer-
sion exercise, is intriguing. There are several impor-
tant physiologic effects of immersion, which might
explain this difference. Immersion increases cardiac
preload and pulmonary arterial pressure due to
central blood pooling. It has been shown that during
immersion in 33 to 35°C water, central blood volume
increases by approximately 700 mL and pulmonary
arterial transmural pressure by 13 to 21 mm Hg 2324
Furthermore, immersion in moderately cold water
(17 to 18°C) is associated with a decrease in body
core temperature resulting in redistribution of blood
from peripheral to thoracic vessels. Hypothermia-
induced arterial and venous constriction leads to an
increase in both cardiac preload and afterload.2>-27
Previous reports'>25-31  have noted pulmonary
edema in cold water divers. The subjects examined
in these studies had abnormal cold pressor tests, a
finding which was not corroborated by other inves-
tigators. In our subjects, the average water temper-
ature was 19.6 = 3.2°C, which can cause peripheral
vasoconstriction, a rise in central blood volume, and
increased cardiac preload and afterload.

A reduction in functional residual capacity due to
blood displacement into the lungs, combined with an
immersion-induced increment in the closing volume,
results in ventilation-perfusion inequality, hypox-
emia, and pulmonary vasoconstriction.?? Under
these conditions, because pulmonary vasoconstric-
tion is not uniform throughout the vascular bed,
those capillaries not protected by arterial constric-
tion are exposed to the high pulmonary pressures
that develop during strenuous swimming. This,
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according to the model of West and Mathieu-
Costello,?> facilitates pulmonary capillary stress
failure.

Apart from the circumferential tension caused by
the capillary transmural pressure, other forces also
act on the BGB, such as the longitudinal tension in
the alveolar wall elements associated with lung infla-
tion. Immersion increases the pulmonary closing
volume and reduces lung compliance, thus leading to
air trapping 3435

During head-out immersion, negative pressure
respiration due to the hydrostatic pressure differ-
ences between the upper and lower airways pro-
duces transmural pulmonary hydrostatic forces that
favor a fluid shift from the pulmonary vasculature to
the alveoli.36 The more the chest sinks under water
and the steeper its vertical tilt, the greater the effect.
High lung volumes and peak airway pressures, both
present during extreme effort, were found to cause
an increase in capillary permeability and the devel-
opment of microvascular injury.373% This effect is
definitely present when swimming in the semi-
reclining or half-sitting position, as practiced by the
study participants. Excessive negative intrathoracic
pressure generated by arduous exertion, causing
increased tension on the alveolar walls, is another
contributing factor to mechanical failure of the BGB.

We postulate that in our subjects, who were
engaged in strenuous swimming, all of these physi-
ologic changes combined to produce damage to the
alveolar-capillary membrane, resulting in clinically
significant pulmonary edema. Cough with prominent
sputum production was noted in most of our sub-
jects, and hemoptysis was present in approximately
half of them. These clinical manifestations, in paral-
lel with a significant reduction in oxygen saturation
and physical findings on lung auscultation, support
the diagnosis of pulmonary edema. Clinical recovery
was rapid, with an excellent response to diuretics and
oxygen. The chest radiograph reverted to normal as
soon as 12 h after the incident.

The clinical manifestations we describe may be
found in seawater aspiration, apart from hemoptysis,
which is usually seen in fresh water drowning. The
presence of hemoptysis supports our preference for
stress failure of the pulmonary capillaries as the
etiology of the syndrome we describe. Furthermore,
we found no reference in the English-language
literature to clinically significant aspiration of seawa-
ter in professional swimmers in a nondrowning
situation. The possibility of our swimmers inadver-
tently aspirating seawater, an event which induces
immediate and violent coughing, without being
aware of this, is highly unlikely, whereas the respi-
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ratory distress they experienced, cough, shortness of
breath, and effort intolerance, developed gradually
during the swim.

The rapid clinical improvement with resolution of
the pulmonary edema is consistent with experimen-
tal animal studies,® which demonstrate that the
disruptions of the BGB are rapidly reversible with
reduction of the capillary pressures. These findings
are borne out by human case studies.?*40 A recent
study*! in elite athletes investigated the effect of
maximal exercise on the integrity of the alveolar
epithelial membrane, using the clearance rate of
aerosolized *"Tc diethylenetriamine penta-acetic
acid as an index for the permeability of the lung
BGB. The authors demonstrated an acute increase in
pulmonary clearance after maximal exercise, which
returned to resting levels within 2 h.

The fact that SIPE is not seen or has not been
reported in Olympic or other competitive swimmers
requires an explanation. It is possible to discern a
number of differences between competitive swim-
ming and the exercise performed by our trainees.
Swimming with fins exercises the legs only, com-
pared with other competitive swimming styles, in
which cardiac output supports both arm and leg
movement. Venous return must be greatly aug-
mented by finning compared with other swimming
styles, and by the effects of immersion in the supine,
semi-reclining position, as described in detail above.
The temperature of the water in which these trainees
swam was also significantly lower than the thermo-
regulated conditions in competitive swimming, in-
ducing vasoconstriction and an increase in pulmo-
nary vascular pressures. This combination of
swimming style and a distinctive posture in cold
water to produce an increase in venous return and
pulmonary artery pressure could provide a partial
explanation for the frequency with which we ob-
served SIPE.

As noted above, the high incidence of hemoptysis
in our trainees, which is not a characteristic clinical
sign of seawater aspiration, supports our notion that
mechanical failure of the BGB was the main contrib-
uting factor to the occurrence of pulmonary edema.
Moreover, a recent report® described unilateral
right-sided pulmonary edema in three combat divers
who swam right-side down. The increase in pulmo-
nary capillary pressures due both to increased re-
gional pulmonary blood flow with high exertion,
exacerbated by the gravitational effect, and the
hydrostatic pressure differences between the upper
airways and the submerged right lung, led to capil-
lary stress failure and unilateral pulmonary edema.

High-altitude pulmonary edema (HAPE) is an-
other form of noncardiogenic pulmonary edema,
which shares a certain similarity with SIPE. In both
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cases, there is increased pulmonary artery pressure
and increased permeability of the BGB.1642 As is the
case with SIPE, severe HAPE is infrequent. People
with higher pulmonary artery pressure, smaller
lungs, and higher pulmonary artery wedge pressure
during exercise at sea level are prone to acquire
HAPE.*2 Unfortunately, we were unable to elicit any
physical findings or behavioral characteristics that
might help us predict which of our trainees are at
risk of acquiring SIPE.

Lung function tests during immersion reveal a
reduction in vital capacity, functional residual capac-
ity and lung compliance, and an increase in the
closing volume. Studies*> on the effects of acute
pulmonary edema on lung function tests describe
restrictive and obstructive dysfunction, with a de-
crease in FVC and FEV,, and a low FEV, to FVC
ratio.

In our subgroup of 37 trainees, who performed
pulmonary function tests, significant restrictive
changes were found 6 to 12 h after the acute event,
with a persistent reduction in FEV, and a normal
FEV,/FVC ratio 1 week later. These restrictive
changes support the clinical diagnosis of pulmonary
edema. Their persistence for at least a week, despite
complete clinical recovery and normal chest radio-
graphic findings within 24 h, suggests that notwith-
standing the experimental data indicating rapid re-
pair of the breaks in the BGB, there is still some
degree of pulmonary congestion and perhaps also a
loss of capillary integrity. In 20 subjects, no cardiac
abnormality was found on echocardiography, sup-
porting the concept that the pulmonary edema re-
sults from capillary stress failure and is not cardio-
genic in origin.

In summary, shortness of breath, coughing, and
hemoptysis during strenuous swimming are related
to hypoxemia and pulmonary edema, most probably
due to mechanical failure of the BGB as a result of
high transmural capillary pressure. We speculate
that the physiologic effects of immersion, swimming
in the semi-supine position with the head and shoul-
ders above water, thus increasing the pressure dif-
ference between the lower extremities and the tho-
rax, and the relatively cold water temperature, all
serve to increase the risk of exercise-induced pulmo-
nary edema. In our trainee population, SIPE is a not
uncommon, often recurrent phenomenon that sig-
nificantly influences performance. It is not clear
what predisposes to its occurrence or recurrence and
what, if any, are its long-term effects.
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