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Introduction. Immersion pulmonary edema (IPE) is a pathological condition that occurs in an aquatic environment during various activities,
such as underwater engineering, scuba diving, triathlon competitions, etc. Despite a significant number of English-language publications, the
problem of IPE remains insufficiently studied in Russia.

Objective. Research into the diagnosis, clinical manifestations, treatment, and prevention of IPE to optimize medical care for this pathological
condition.

Discussion. The main factors leading to IPE include exposure to cold water, intense physical exertion during swimming, increased blood
pressure while in water, excessive fluid intake before swimming, age over 50. Breathing 100% oxygen underwater can cause hyperoxia, oxida-
tive stress, disruption of the alveolar—capillary membrane integrity, and surfactant deficiency, leading to fluid transudation into the pulmonary
interstitial tissue and edema. Hyperoxia induces pulmonary vasoconstriction, increases hydrostatic pressure, and enhances fluid filtration
into the interstitium, exacerbating IPE and contributing to the development of alveolar pulmonary edema. Clinically, IPE presents with labored
breathing, acute dyspnea, coughing with hemoptysis, frothy bloody discharge, and other symptoms. A distinctive feature of this condition is
the resolution of key symptoms within 48 h. On physical examination, percussion over the affected lung area reveals dullness, while ausculta-
tion detects wet rales in the lungs and murmurs characteristic of acute mitral regurgitation with left ventricular failure. Computed tomography
findings include ground-glass opacities, peribronchial infiltration, and pleural effusion, predominantly on the affected side. A major limitation
of this method is the inability to perform imaging immediately during an emergency ascent. Ultrasound diagnostic markers of IPE include
hyperechoic reverberation artifacts (B-lines), produced by the interaction of ultrasound waves with air-fluid content in the alveoli, typical of pul-
monary edema. Clinical and laboratory markers of IPE include elevated levels of copeptin, brain natriuretic peptide (BNP), ischemia-modified
albumin, and high-sensitivity troponin T.

Conclusions. IPE remains an understudied yet highly dangerous pathological condition in diving and aquatic swimming. Therefore, it is
crucial to educate divers, combat swimmers, professional scuba divers, and athletes (triathletes, swimmers) about preventive measures and
symptom recognition when they occur during surface or underwater activities. Implementing a comprehensive approach to IPE prevention
will reduce the incidence of this condition and enhance the safety of diving operations.
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OCOBEHHOCTU PA3BUTUA UMMEPCUOHHOIO OTEKA JIETKNX Y BOOOJIA30B

V1.P. Knenkos™, A.W. AHkyaouHoBa?

"BoeHHOo-MegnUmHeKkas akagemus M. C.M. Kuposa, CaHkT-INeTepbypr, Poccus
2[maBHoe ynpasneHve Pocreapaum no r. Mockee, Mocksa, Poccust

BeepeHue. immepcuoHHbii oTek nerkux (MOJT) — naTtonorndeckoe CoCTosiHME, KOTOPOE BO3HMKAET B BOAHOW Cpefie Npu PasdnnyHbIX Baax
[EeATeNbHOCTU: MOABOAHO-TEXHUHECKNX paboTax, MIOOUTENBCKOM AaiBuUHre, CMOPTUBHbBIX COPEBHOBaHNAX MO TPUATAOHY 1 T.4. HecmoTps
Ha 3Ha4MTENbHOE KONMMYECTBO aHrnosi3bldHbIX Nybnnkaumin, B Poccun npobnema MOJT ocTaeTcst HegocTaToqHO N3yYEeHHON.

Llensb. ViccnepgoBaHne 0cobeHHOCTEN ANArHOCTUKN, KIIMHNHYECKMX MPOSIBAEHUA, NeYeHnst 1 MPOMUNaKTUKN MMMEPCUOHHOIO OTeKa Nerkmx
0715 ONTUMU3ALINM MEAULIMHCKON MOMOLLIM MPY AaHHOM MaToSIOrMYECKOM COCTOAHUN.

O6cyxaeHune. K ocHoBHbIM hakTopam, nprBoasLLmM K VIOJ1, OTHOCATCA: HaxoXaeHWe B XONoOHOW Bofe, Tshkenasa usmndeckas Harpyaska
npwv NnaBaHun, NOBbILLEHHOE apTepuanbHoe faBeHre B Meproa HaxoxaeHns B Bode, N30bITo4HOe NoTpebneHre XXNAKOCTY Nepeq niasa-
Hvem, Bo3pacT cBbilwe 50 neT; abixaHne nog oot 100% KMCNOpOAOM, BbI3bIBAIOLLMM MMMEPOKCUIO, OKCUAATUBHbIN CTPECC, HapyLUeHue
LIeNTIOCTHOCTY aflbBEOSIO-KanUspHon MembpaHbl 1 aeduumT cypdakTaHTa, YTo NpUBOAUT K TPAHCCYAALIM XXUAKOCTU B MHTEPCTULMAb-
HYIO TKaHb Nerkrx 1 oTeky. Bo3gencTare rmnepokcumn NprvBOAUT K Ba3OKOHCTPUKLIM 1IEFOYHBIX COCYA0B, MOBbILLEHWIO MMAPOCTaTUYECKOrO
[OaBNEHNS N YCUNEHWNIO (DUNBTPaLMN XXUAKOCTY B UHTEPCTULIMK, YTO yeyrybnsaeT pasdsutue IOJ1 n obycnosamsaeT pa3sutie anbBeONAPHOrO
oTeka nerkux. KnuHmndeckn MOJ1 nposiBnsieTcs 3aTpyAHEHHbIM AbIXaHeM, OCTPOWN OABILLKON, KalLeM C KDOBOXapKaHbeM, KPOBSHUCTbIMM
BbIAENEHNAMY MEHNCTON KOHCUCTEHLMN 1 APYrMMU cuMaToMamu, OTANYMTENbHOM YepToi NaTanormyeckoro COCTOSIHMS SBNSETCS UCHe3-
HOBEHWE OCHOBHbIX CUMMTOMOB B Te4eHne 48 4acoB. BmecTe ¢ Tem npu NpOBEAEHWN MEPKYCCUM HAL, MOPaXKEHHbIM Y4aCTKOM 1ErKoro
OTMeYaeTCst MPUTYMJIEHVE 3BYKa, MPW ayCKyNbTaLmn B NIEMKMX BbICNYLUMBAIOTCS BaXHbIE XPUrbl; MPU ayCKybTauum cepaua — LyMbl, Xa-
paKTepHble AN OCTPOW MUTPasbHON HeAOCTATOYHOCTY C NIEBOXKENYAOYKOBOM HEAOCTATO4YHOCTLIO. [pK KOMMBIOTEPHOW TOMOrpadui BbisB-
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NAOTCH CHKEHNE MPO3PaYHOCTV NIErO4HbIX MOJIel Mo TUMY «MaToBOro CTekNa», NepUbPoHXManbHas MHMUABTPALIMS 1 MNeBpasibHbIN BbIMOT,
NPEeVMYLLECTBEHHO Ha MOpPaXXeHHoW CTopoHe. OCHOBHbLIM OrpaHnYeHeM METOAA SBMSETCH HEBO3MOXHOCTb MPOBEAEHNS UCCNEA0OBaHNS
HEeNOCPEACTBEHHO B YC/IOBUSAX aBapUNHOIrO CnycKa. YNsTPadByKOBbIMU NpU3HakamMmmn gnarHocTuki VIOJST MOXKHO cunTaTb Hanm4une runepa-
XOreHHbIX peBepbepauoHHbIx apTedakToB (B-nnHni), 06pasytoLmxcs npy B3arMoAeCTBIN YNBTPa3BYKOBbIX BOSH C BO3AYX-KUAKOCTHbBIM
COOEPXMMbIM anbBeOS, XapakTepHbIM ANs oTeka nerkux. KnuHnko-nadopatopHbiv Mapkepom VOJT aBnsieTcs noBbilLeHVe KOMenTuHa,
MO3rOBOro HaTPUNYPETUHECKOro NenTnaa, MOaMMULIMPOBAHHOMO ULEeMUEN anbOyMUHa, CBEPXHYBCTBUTENBHOMO TPOMOHMHA T.

BeiBogbl. IOJ1 ocTaeTcs HeAOCTATOYHO U3YHEHHBIM, HO KpaiiHe OnacHbIM NaTOIOrMYEeCK M COCTOSIHMEM B flaiBUHIE U MiaBaHun Ha Bofe,
noaTomMy Bogonasam, 60eBbIM MoBLAaM, faBepam 1 CNopTCMeHaMm (TPUaTioHNCTaM, NoBLam) LienecoobpasHo AoBOANTE MHMOPMaLMIO
0 Mepax NpPegoCTOPOXXHOCTU NPK NOABMAEHU €r0 CUMNTOMOB BO BPEMS MiaBaHMa Ha BOAE W NOL BOAOW. [TpUMeHeHe KOMMIEKCHOro
noaxopa B npodunakTuke VOJT CHU3UT YacToTy Cry4aeB NOSBEHMS MaTONOMMHYECKOro COCTOSIHMSA U MOBBICUT 6e30MacHOCTb BOAONas-
HbIX CMYCKOB.

KntoyeBble cnoBa: MMMEPCUOHHbIN oTek nerkux; VOJT; panBmHr; nogaBodHoe nnaBaHue; hakTopbl pUcKa; NaTonorM4eckoe COCTOsHUE;
BOJO1a3Hble CMYCKW; TPUATIOH; yTonNeHve; 6apoTpaBma Nerknx; obxxatne rpyaHon KNeTkn; razosas aMo0oang; CUMATOMbI OTeKa Nerkmnx

Ons yntupoBaHus: Knenkos W.P., AnkyanHosa A./1. OcobeHHOCTM pasBuTusa IMMEPCUOHHOMO OTeKa erkux y BoAona3os. MeauuyHa aKkc-
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drHaHCcUpoBaHue: 1CCenoBaHne BbIMOHEHO 663 CMOHCOPCKON MOAAEPKKN.

MoTeHumanbHbINA KOH(MINKT MHTEPECOB: aBTOPbI 3aABNAOT 06 OTCYTCTBUM KOH(IMKTA UHTEPECOB.

< KneHkos Wnbsic Pudpatbesny klen.ir@mail.ru
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INTRODUCTION

The occupational activities of divers predispose them to
specific pathological conditions including decompres-
sion sickness, ear and pulmonary barotrauma, thoracic
compression, arterial gas embolism, and nitrogen nar-
cosis (a pathological state induced by the toxic effects
of nitrogen when breathing air at depths exceeding
30 m). International medical practice also recognizes
immersion pulmonary edema (IPE) as a potentially fatal
emergency condition during submersion [1, 2]. IPE is an
acute pathological condition occurring during surface
or underwater swimming, frequently affecting individu-
als without previous history of cardiovascular pathology
(e.g., ischemic heart disease, acute/chronic heart failure,
or cardiomyopathies) [3].

The actual prevalence of IPE is unknown; however,
there are reports of an estimated range of 1.8% (in expe-
rienced) to 60.0% (in novice) among combat swimmers,
and 1.4% among triathletes. IPE can cause severe clini-
cal manifestations, including acute respiratory distress,
hemoptysis due to erythrocyte diapedesis, paroxysmal
supraventricular tachycardia, and syncope caused by
myocardial hypoxia and cerebral hypoperfusion [3, 4].
At the same time, minor manifestations in divers are
rarely described in the literature [3, 5]. Most of the pub-
lications on the IPE problem are presented in the form
of clinical cases and focused retrospective studies. In
the Russian-language literature, separate references to
the manifestations of IPE can be found, mainly describ-
ing atypical forms of already known diseases (drowning,
chest compression, pulmonary barotrauma, arterial gas
embolism, etc.).

Fatal cases of IPE are rarely documented due to
the diagnostic challenge of distinguishing them from
other diving-related fatalities (drowning, ischemic heart
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disease, pulmonary barotrauma, etc.) [6, 7]. To date, no
autopsy-confirmed cases of IPE have been reported in
Russia, whereas there exist internationally established
diagnostic criteria to differentiate this condition from
other pathologies [8—10].

In this article, we aim to analyze the diagnostic mark-
ers, clinical presentation, management protocols, and
preventive strategies for IPE to optimize the respective
therapeutic interventions.

MATERIALS AND METHODS

We conducted a systematic literature review incorpo-
rating prospective and retrospective studies along with
clinical case analyses. Our search strategy included
international (PubMed, MEDLINE, Embase, Cochrane
Library, Scopus, Web of Science) and Russian (eLibrary,
CyberlLeninka, RSCI) databases using the following
keywords individually and in combination: immersion,
exercise-induced, cold-induced, pulmonary edema,
hemodynamics, cardiovascular response, water immer-
sion, drowning, thoracic compression, pulmonary baro-
trauma, pulmonary edema, pulmonary hypertension,
and cold shock response.

RESULTS AND DISCUSSION
Clinical epidemiology

The first documented cases of immersion pulmonary
edema (IPE) were reported by Wilmshurst et al. in 1981,
occurring in 71 individuals (0.18%) participating in open-
water swimming events [8]. All affected individuals were
ostensibly healthy adolescents aged 18-19 years. At
that time, IPE diagnosis was confirmed based on the
acute onset of severe dyspnea and coughing during
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or immediately after swimming, coupled with ausculta-
tory findings of pulmonary edema (inspiratory crackles
throughout all lung fields) [11].

Pons et al. (1995) conducted a survey of 460 divers,
identifying only 5 cases (1.1%) with IPE symptoms, in-
cluding exercise-induced respiratory distress, involun-
tary coughing, hemoptysis (with or without frothy spu-
tum production). With the purpose of investigating IPE
pathophysiology, the researchers evaluated forearm vas-
cular resistance, vasoactive hormone levels, biventricu-
lar function (via Doppler echocardiography) under both
normothermic and cold stress conditions. Characteristic
IPE hemodynamic changes were observed in just 1 out
of 10 study participants [12].

A 2002 study by Mahon et al. revealed frequent IPE
occurrences among U.S. Navy SEAL candidates un-
dergoing intensive training, with an annual incidence of
about 20 cases, predominance among recruits, docu-
mented recurrence in some operators, suggesting indi-
vidual predisposition [13].

A review 1400 U.S. triathletes conducted by Miller et
al. identified 20 cases (1.4%) with definitive IPE symp-
toms (exercise-associated hemoptysis with frothy se-
cretions). The study established systemic hypertension
and left ventricular hypertrophy to be the key risk factors.
These conditions promote diastolic dysfunction, increas-
ing myocardial preload and afterload [14]. Current epide-
miological data indicate IPE incidence rates of 1.1% in
professional divers and 1.8% among experienced com-
bat swimmers, technical divers, triathletes [4, 11, 15-17].

Risk factors and pathogenesis

The main factors leading to immersion pulmonary
edema (IPE) include exposure to cold water [13, 18,
19-21], intense physical exertion while swimming [22],
elevated blood pressure during immersion [11], exces-
sive fluid intake before swimming [13], and age over 50
[22]. Another common cause of IPE is breathing 100%
oxygen underwater [19], which induces hyperoxia, oxi-
dative stress, disruption of the alveolar-capillary mem-
brane integrity, and surfactant deficiency, leading to
fluid transudation into the pulmonary interstitium and
edema. Hyperoxia causes pulmonary vasoconstriction,
increased hydrostatic pressure, and enhanced fluid fil-
tration into the interstitium, exacerbating IPE and caus-
ing alveolar pulmonary edema [23].

Consumption of 1-3 liters of water before swimming
was found to increase the risk of IPE [18, 23]; however,
cases where IPE occurred without prior fluid loading
were also reported. An increase in circulating blood vol-
ume contributes to IPE due to resulting hypertension in
the pulmonary circulation [20, 21]. The study [22] dem-
onstrated a correlation between aspirin intake or fish oil
consumption and IPE.

Three groups of factors contribute to the develop-
ment of IPE:
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1. Physiological factors (arterial hypertension, left
ventricular hypertrophy, cardiac arrhythmia). Physically
fit individuals and athletes may be more susceptible to
IPE [10, 24], largely due to the high prevalence of left
and right ventricular hypertrophy [21] and reduced car-
diac chamber compliance caused by physical training
[6]. Individuals with functional cardiovascular changes,
such as left ventricular hypertrophy, are at a higher risk
of IPE [8, 16]. Reduced lung volume due to compres-
sion under increased pressure can trigger IPE. A low
number of interlobular septa and lymphatic vessels in
the lungs also contributes to IPE predisposition by im-
pairing the clearance of alveolar fluid via the lymphatic
system [9, 21, 23].

2. External factors (cold water, intense physical ex-
ertion, depth and duration of immersion). Low water
temperatures and ill-fitting wetsuits stimulate peripheral
vasoconstriction, increasing preload on the left and right
ventricles, thus elevating pressure in the left heart cham-
bers and pulmonary artery [10, 20]. Exposure to cold
temperatures leads to blood flow centralization, further
increasing pulmonary vascular pressure, while a tight
wetsuit worsens blood flow in these vessels [25].

3. Individual characteristics (female sex, age, obe-
sity) [5, 6, 22]. Females are more prone to IPE, possibly
due to anatomical and physiological differences in the
cardiovascular system and hormonal influences. Older
individuals face a higher risk of IPE due to age-related
changes in the heart, blood vessels, and lungs. Excess
weight places additional strain on the cardiovascular
and respiratory systems, particularly during physical ac-
tivity in water.

The pathogenesis of IPE is primarily driven by physi-
ological and pathophysiological processes leading to
pulmonary edema.

Hydrostatic pressure and blood flow centralization
[26]. Immersion in water increases external pressure (es-
pecially in an upright position), compressing peripheral
vessels and enhancing venous return to the heart. This
raises pressure in the right atrium and pulmonary ves-
sels [20].

Increased pulmonary capillary pressure (capillary
stress). Elevated circulating blood volume increases hy-
drostatic pressure in pulmonary capillaries. When it ex-
ceeds 25-30 mmHg, transudation of fluid into the pul-
monary interstitium intensifies [27].

Cold stress and vasoconstriction. Cold water triggers
reflexive peripheral vasoconstriction to preserve core
temperature, redistributing blood to central organs and
further increasing pulmonary vascular load [28].

Impaired cardiac function. Some divers, particularly
those with long-term experience, exhibit reduced myo-
cardial adaptability to hemodynamic stress during dives.
This leads to elevated pulmonary capillary pressure and
acute cardiogenic pulmonary edema [23, 29].

Endothelial damage and inflammation. Hypoxia, me-
chanical vascular stretching, and oxidative stress injure
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capillary endothelium. Inflammatory mediators (hista-
mine, bradykinin) are released, increasing vascular per-
meability [30].

Lymphatic drainage insufficiency [31]. The lymphatic
system fails to clear excess fluid from the lungs, exacer-
bating edema progression.

Independent studies by Kumar et al. indicate that a
prone (face-down) position during immersion intensifies
blood flow centralization, contributing to unilateral IPE
linked to lateral positioning [3, 22]. The design features
of breathing apparatuses can alter inspiratory/expiratory
airflow, further promoting IPE.

In rebreather diving, the regulation via an automated
gas supply valve creates high inspiratory resistance and
restricted ventilation. This underscores the critical role
of negative-pressure breathing in interstitial pulmonary
edema development. Such breathing reduces intratho-
racic, airway, and interstitial pressures, elevating capil-
lary pressure with each breath. Repeated dives and
ascents cause interstitial fluid accumulation, triggering
pathological decompensation and IPE symptoms [4, 24].

Moreover, over 20% of hospitalized divers with IPE
report prior episodes with high recurrence rates, sup-
porting the concept of individual susceptibility. Growing
evidence suggests genetic predisposition linked to poly-
morphisms in genes encoding surfactant proteins and
endothelial growth factors [32].

Clinical Presentation and Diagnosis of Immersion
Pulmonary Edema

Clinical symptoms of IPE in the presence of triggering
factors (cold water, strenuous exertion, breathing 100%
oxygen, etc.) may appear within 10-30 min of being in
the aquatic environment [6]. In 90% of divers with IPE,
dyspnea, cough, and sputum production are observed
[11, 12, 19, 46], while approximately 50% experience
hemoptysis [11, 18].

According to Adir et al., other symptoms (weakness,
orthopnea, chest discomfort [11], dizziness [11, 12, 9],
and loss of consciousness [24]) occur less frequently.
Percussion over the affected area of the lung reveals
dullness, which may indicate infiltration, pleural effusion,
or other pathological processes [11]. On auscultation,
wet rales are heard in the lungs, while cardiac ausculta-
tion may reveal murmurs characteristic of acute mitral
insufficiency with left ventricular failure (gallop rhythm
(S3) and pansystolic murmur of mitral regurgitation) [12].
Pulse oximetry typically shows tissue oxygen saturation
below 85% [11, 8].

The differential diagnosis of IPE is generally per-
formed with cardiovascular diseases, drowning, thoracic
compression, respiratory failure, pulmonary barotrauma,
and bronchial asthma [24, 33-35].

Chest X-ray examinations conducted within the first
12-18 h after IPE onset may reveal no pathological
changes [11, 22]. However, typical radiographic signs
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may later appear, including pulmonary artery dilation,
redistribution of blood flow to the upper lung lobes
(cephalization), and Kerley B lines, reflecting interstitial
or alveolar edema with thickening of interlobular septa
[12, 13, 17, 37]. Computed tomography reveals ground-
glass opacities [36], peribronchial infiltration, and pleu-
ral effusion [37, 38], predominantly on the affected side,
which is associated with increased blood flow, pres-
sure gradient, and the development of mitral regurgita-
tion [13, 22, 39].

During lung ultrasound, parenchymal visualization
is possible in the presence of pathological changes
accompanied by reduced alveolar aeration, allowing
the ultrasound beam to partially penetrate the inter-
lobular septa. Diagnostic ultrasound signs of IPE in-
clude hyperechoic reverberation artifacts (B-lines),
which form due to the interaction of ultrasound waves
with the air-fluid content of alveoli, characteristic of
pulmonary edema. Concurrently, A-lines are observed
as horizontal hyperechoic structures resulting from
reflection artifacts off the visceral pleura, spaced at
equal intervals from one another and from the pleural
line. The barcode sign is a diagnostically significant
finding, indicating the cessation of lung sliding and
the presence of pneumothorax as a consequence of
barotrauma. Lung ultrasound allows differentiation
between immersion pulmonary edema and barotrau-
ma-induced injury, while quantitative assessment of
B-lines enables determination of the degree of inter-
stitial or alveolar edema. This method is of high di-
agnostic value due to its simplicity, non-invasiveness,
and rapid execution [35, 38, 40].

Computed tomography is the most informa-
tive and sensitive diagnostic method for IPE [36, 41].
Characteristic signs of IPE include pleural effusion,
ground-glass opacities with lobar distribution, and thick-
ening of interlobular septa [41]. The main limitation of
this method is the inability to perform the examination
directly during an emergency dive.

Zavorsky et al. and Gempp et al. have identified
electrocardiographic changes in IPE, manifested as
nonspecific myocardial repolarization disturbances (ST-
segment elevation/depression), reflecting hypoxic myo-
cardial injury [38, 42].

Clinical and laboratory markers of IPE include elevat-
ed levels of:

e copeptin (@an indirect indicator of antidiuretic hormone
activity);

e Dbrain natriuretic peptide (BNP);

¢ ischemia-modified albumin;

high-sensitivity troponin T.

It was shown in [32, 43, 44] that the combination of
elevated troponin T and BNP has the highest diagnos-
tic specificity for differentiating IPE, confirming the car-
diogenic component of its pathogenesis. According to
the same researchers, echocardiography in IPE reveals
signs of systolic dysfunction, such as global or regional
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hypokinesia, reduced ejection fraction, left ventricular
hypertrophy [31, 38, 42, 44].

Patients with IPE exhibit restrictive ventilation pat-
terns, including decreased forced vital capacity (FVC)
and forced expiratory volume in 1 s (FEV1) with pre-
served Tiffeneau index (FEV1/FVC) [11, 16, 38].

Additionally, reductions were observed in absolute
FVC values, decreased maximum expiratory flow rates
at 25% and 75% of forced vital capacity (MEF25%,
MEF75%), and impaired lung diffusion capacity [11].
While lung diffusion capacity normalizes within 24 h,
other pulmonary function parameters typically recover
within approximately one week.

According to Casey et al., bronchoalveolar lavage
analysis revealed the presence of erythrocytes and high-
molecular-weight proteins (albumins and globulins) in
the lavage fluid. Notably, systemic inflammation markers
(C-reactive protein, procalcitonin, neopterin, presepsin,
tumor necrosis factor-o), complete blood count param-
eters (leukocytes, neutrophils, ESR), and protein profile
indicators (total protein, IgM) remained within normal ref-
erence ranges [45].

Treatment and prevention

The IPE treatment is based on clinical guidelines for
managing pulmonary edema patients, due to the lack
of randomized controlled trials in divers [35, 46-48].
Primary interventions include immediate extraction from
water, transfer to a warm environment, and removal of
the wetsuit/dry suit. Secondary measures involve oxy-
gen therapy and pharmacological support (diuretics,
B,-agonists, and antibiotics and corticosteroids when
indicated).

With prompt treatment, 82% of patients experi-
ence complete resolution of symptoms within 48 h
[30, 47-50]. However, recurrence rates in certain
groups (particularly athletes) range from 13-75% (20,
49, 50]. According to Shupak et al., 75% of cases
demonstrate progressive clinical manifestations dur-
ing recurrent episodes, indicating individual predispo-
sition [20, 49, 50].

Preventive measures include administration of di-
hydropyridine calcium channel blockers and selec-
tive PDE5S inhibitors (sildenalfil) prior to diving to reduce
systemic blood pressure and pulmonary hypertension
[35, 46]. Mechanism of action is vasodilation (reducing
smooth muscle tone and increasing venous capaci-
tance), which may minimize IPE risk.

Clinical cases of IPE development and their
analysis

We analyzed 80 incident reports and identified 16 cases
that best matched the clinical presentation of IPE. In
this article, we report four representative cases of IPE
in divers. Among them, the first case report details the
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author’s personal experience in diagnosing and manag-
ing IPE in a professional diver [7].

Case 1. The case involved a 35-year-old male div-
ing instructor (designated as Z.) with one year of diving
experience and 25 logged diving hours. During a dive in
the Black Sea using an IDA-71P apparatus at 6 m depth,
the diver experienced respiratory distress and involun-
tary coughing that forced him to abort the dive. Upon
surfacing and boarding the support vessel, he continued
coughing, producing bloody, frothy, bright red sputum.
Initial physical examination revealed no pathological
findings on auscultation or percussion, although chest
radiography showed increased pulmonary vascular
markings in the lower lung fields.

To confirm the diagnosis, a thoracic computed to-
mography (CT) scan was performed, revealing evidence
of fluid accumulation in the lung tissue. Based on these
findings, the preliminary diagnosis was pulmonary baro-
trauma, and therapeutic recompression was initiated
using Protocol Il. The diver reported symptomatic im-
provement during compression at 0.8 MPa. Follow-up
CT imaging after completion of recompression therapy
showed complete resolution of the previously observed
pathological changes. Following medical rehabilitation,
the diver successfully returned to professional diving ac-
tivities [7].

The chest CT scan (axial projection, the lung win-
dow at the level of the right ventricular outflow tract)
of diver Z. demonstrated marked irregular pulmonary
aeration patterns resulting from hemorrhagic infiltration
with thickening of interacinar and interlobular septa —
presenting as a ground-glass opacity pattern (Fig. 1A).
Additionally, thickening of interacinar and interlobu-
lar septa was observed with alveolar spaces filled by
hyperdense material (blood), predominantly located
in subpleural regions of the posterior and lateral seg-
ments S, —S, of the right lung and S, -S|, of the left lung
(Fig. 1B). The follow-up CT scan performed after thera-
peutic recompression showed complete resolution of
all previously identified pathological findings (Figs. 1C
and 1D).

It should be noted that diver Z’s radiographic find-
ings were not characteristic of typical clinical forms of
pulmonary barotrauma. The tomogram revealed signs
of pronounced pulmonary edema without evidence
of emphysema or pneumothorax, which are hallmark
features of pulmonary barotrauma. At that time, the
evident pulmonary edema was classified as an atypical
form of pulmonary barotrauma. Moreover, the patho-
genesis and clinical manifestations of this pathologi-
cal condition distinguished it from the typical form of
pulmonary barotrauma, which results from pulmonary
hypertension.

Consequently, in this case, the most probable cause
of the emergency situation was the development of IPE,
as the clinical symptoms were specifically characteristic
of this pathology.
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Case 2. Diver A. was performing a dive using an
IDA-71P closed-circuit rebreather to a depth of 7 m.
After 25 min underwater, diver A. surfaced and report-
ed severe coughing and chest pain. Light brown inclu-
sions were observed in the diver’s saliva. The diving
physician diagnosed pulmonary barotrauma and per-
formed therapeutic recompression, resulting in a suc-
cessful outcome [7].

Case 3. Diver C. descended to 10 m using a
closed-circuit breathing apparatus. After 40 min, the
diver stopped responding to status checks and was
brought to the surface unconscious by the safety diver.
Upon regaining consciousness, diver C. complained of
retrosternal pain (worsening with inspiration), progres-
sive weakness, and coughing. Pink, frothy sputum was
observed. The diving physician diagnosed pulmonary
barotrauma and conducted therapeutic recompression
with full recovery [38]. No differential diagnosis was
performed, the root cause of the incident remained un-
determined.

Thus, in the above three cases, the divers were di-
agnosed with pulmonary barotrauma and underwent
therapeutic recompression, as there was insufficient
evidence to confirm IPE (no chest CT or lung ultrasound

data available). This decision was made to prevent arte-
rial gas embolism. A potential solution in such situations
would be to perform differential diagnosis using lung
ultrasound to detect A- or B-lines, which serve as diag-
nostic criteria for pulmonary barotrauma and IPE.

Case 4. Recreational divers K. and M. conducted a
dive using an AVM-5 apparatus to a depth of 7 m for
amber collection in water at +3°C and air temperature
of —=7°C. No other individuals were present at the dive
site. Upon surfacing, diver M. noticed that diver K. was
missing. The following day, rescue personnel recovered
diver K.’s body. Inspection of the equipment confirmed
the AVM-5 was functional, with the cylinder pressure of
20 MPa and air quality meeting regulatory standards.
The investigative commission concluded that the fatality
resulted from drowning, hypothesizing that the AVM-5
regulator of diver K. froze in the extreme cold, ceasing air
delivery. Experiencing breathing difficulties underwater,
diver K. expelled the mouthpiece but failed to surface
due to negative buoyancy [7].

Research on cold-water immersion demonstrates
that hemodynamic changes induced by cold exposure
elevate pulmonary artery pressure and increase pulmo-
nary ventilation, disrupting the alveolar—capillary barrier.

Figure prepared by the authors based on their own data

Fig. 1. Computed tomography of the thorax in diver Z. demonstrating ground-glass opacity (arrow)
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These alterations promote fluid transudation into alveolar
spaces.

This case bears strong resemblance to IPE-related
incidents described in international literature [8, 11, 13,
18], where cold water exposure constitutes the prima-
ry risk factor for this pathology. This factor, particularly
when combined with strenuous underwater exertion,
frequently leads to IPE and subsequent drowning.

CONCLUSION

Despite the considerable number of English-language
publications on immersion pulmonary edema (IPE), this
subject remains insufficiently studied in Russia. The
epidemiology of IPE varies significantly across different
populations: the highest incidence (up to 60%) is ob-
served among combat swimmer recruits, while among
triathletes, swimmers, and professional divers it does
not exceed 1.8%.
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