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Abstract:

Introduction: Decompression sickness (DCS), commonly known as “the bends,” is a clinical
disorder caused by the formation of gas bubbles within tissues or the bloodstream as a result of
inert gas supersaturation during or following a decrease in ambient pressure. It most often
occurs in the setting of compressed-gas diving, work in pressurized environments such as
caissons, or rapid decompression to high altitude, including situations involving reduced cabin
pressure or extravehicular activity (EVA) in space suits. DCS may also develop after relatively
modest pressure reductions, such as commercial air travel undertaken shortly after scuba diving.

Clinical manifestations vary widely, ranging from musculoskeletal pain, lymphedema, and
cutaneous rashes to severe neurological deficits and cardiorespiratory collapse. Initial
evaluation should include a detailed history of recent diving or altitude exposure, the timing of
symptom onset, and a thorough neurological examination. Immediate management consists of
high-flow oxygen administration and appropriate fluid resuscitation, either orally or
intravenously. Definitive treatment involves hyperbaric oxygen therapy. Although residual
symptoms may persist in severe cases, prompt and appropriate treatment generally leads to a
favorable outcome.

Purpose of work: The purpose of this article is to review and synthesize current scientific
literature on the pathophysiology of decompression sickness, integrating classical physical
concepts of inert gas supersaturation and bubble formation with contemporary biological and
vascular models. Particular emphasis is placed on emerging mechanisms such as endothelial
dysfunction, impaired nitric oxide signaling, inflammatory and coagulation pathways, and the
role of circulating microparticles in amplifying tissue injury. The work aims to provide an
updated, integrated framework for understanding decompression sickness that explains
interindividual variability in clinical presentation and outcomes, and to highlight potential
implications for risk stratification, prevention strategies, and future therapeutic approaches.

Materials and methods: An analysis of scientific articles available on PubMed and Google
Scholar was conducted using the following keywords: decompression sickness; decompression
illness; DCS; DCI; nitric oxide; endothelial microparticles; glycocalyx shedding; neurologic
decompression sickness.

Keywords: Decompression sickness; Decompression illness; Hyperbaric physiology; Inert gas
bubbles; Endothelial dysfunction; Microparticles; Nitric oxide; Inflammation; Microcirculation;
Diving medicine

Results: A review of the literature showed that decompression sickness (DCS) is caused by
inert gas bubble formation following a reduction in ambient pressure, with similar
pathophysiology in diving and aviation. The clinical diagnosis is challenging, especially in
aviation, where over half of suspected cases may have an alternative etiology. Key predictive
factors include a pressure change >0.3 atm and an exposure altitude above 17,000 ft (5,182 m).
The most commonly observed symptoms are musculoskeletal pain, paresthesia, fatigue, and
cognitive ‘“fogginess”; objective neurological deficits are more indicative of true DCS.

Underlying mechanisms extend beyond mechanical bubble effects to include endothelial



damage, inflammatory cascade activation, complement activation, and platelet aggregation.
The presence of a patent foramen ovale significantly increases the risk of severe neurological
DCS. Despite treatment, residual neurological deficits can persist in severe cases.

EPIDEMIOLOGY

Decompression sickness (DCS) is a dysbaric disorder primarily affecting individuals
undergoing significant reductions in ambient pressure, including divers, aviators, astronauts,
and compressed-air workers. Its epidemiology is characterized by variable incidence rates
influenced by a complex interplay of exposure profiles, procedural adherence, and individual
physiological factors. Although often associated with underwater diving, DCS represents a
broader occupational and recreational health concern where pressure change is a common

denominator.

The incidence of DCS in diving populations is not uniform and rises with exposure intensity.
Recreational divers on conservative profiles experience lower rates, whereas military,
commercial, and technical divers undertaking deep, long, or repetitive dives face substantially
higher risk [4]. Importantly, the presence of venous gas emboli (VGE) is a frequent post-dive
finding, even after no-decompression dives, yet only a subset of individuals with detectable
bubbles develop clinical symptoms [1, 2]. This indicates that bubble formation, while a
necessary component in most DCS pathophysiological models, is insufficient alone to cause

symptomatic disease.

Procedural and environmental variables strongly modulate DCS risk. Dive depth and duration
directly increase inert gas loading and the likelihood of supersaturation upon ascent. Breathing
gas composition also plays a role; for example, air diving may impose different oxidative and
inert gas kinetics compared to enriched oxygen or mixed-gas diving, potentially altering
inflammatory stress responses linked to DCS [7]. Violations of decompression protocols
inevitably elevate risk, though intriguingly, even dives conducted strictly within established
tables can result in high bubble grades and biochemical evidence of decompression stress [4].

Individual susceptibility remains a critical and incompletely understood epidemiological factor.
Variability in post-dive microparticle (MP) production, neutrophil activation, and inflammatory
cytokine release—such as interleukin-1p (IL-1B)—nhas been observed among divers undergoing

identical exposures, suggesting inherent differences in immune or vascular responses to



decompression [11, 12]. Pre-dive physical activity appears protective; high-intensity exercise
before diving attenuates post-decompression MP release and neutrophil activation, potentially
lowering DCS incidence [9]. Other factors such as age, body composition, hydration status, and

cardiopulmonary fitness also contribute to individual risk profiles.

A key epidemiological insight is the distinction between subclinical decompression stress and
manifest DCS. Many divers exhibit biomarkers of decompression-induced pathology—elevated
MPs, neutrophil activation, gas bubbles—in the absence of overt symptoms [8, 6]. This suggests
DCS lies at the severe end of a continuum of decompression-related physiological disturbance.
Chronic diving exposure may further alter baseline physiology; experienced divers show
differences in inflammatory and apoptotic gene expression compared to non-divers, possibly
reflecting adaptation or cumulative subclinical injury [3].

Emerging biomarkers, including cell-derived MPs and intravesicular IL-1p, are refining the
epidemiological understanding of DCS. These markers not only correlate with dive intensity
but also appear to rise during compression, preceding decompression and bubble detection in
some cases [12]. This supports an evolving model where DCS pathophysiology is initiated by
pressure exposure itself, with decompression exacerbating an already-active inflammatory
cascade [10].

SYMPTOMS

Decompression sickness (DCS) encompasses a wide spectrum of clinical manifestations
resulting from the formation of gas bubbles in tissues and blood following a reduction in
ambient pressure. Symptoms can range from mild and self-limiting to severe and life-
threatening, often presenting in various combinations depending on the location and extent of
bubble formation. The onset, nature, and progression of symptoms are critical for diagnosis and

determining treatment urgency.

Clinical Spectrum and Classification

DCS is traditionally categorized into two types based on symptom severity and system
involvement [13, 14]. Type | DCS includes milder, non-neurological presentations such as

musculoskeletal pain, cutaneous manifestations, and lymphatic involvement. Type Il DCS



involves more serious neurological, cardiopulmonary, or constitutional symptoms and carries a

greater risk of long-term sequelae.

Musculoskeletal Symptoms

Musculoskeletal pain, historically termed “the bends,” is the most common presentation of DCS,
reported in 50-65% of cases [14, 15]. The pain is typically described as a deep, dull, or
throbbing ache, often peri-articular, affecting large joints such as the shoulders, elbows, knees,
and hips [14, 16]. It is usually not exacerbated by movement and lacks local tenderness, which
helps distinguish it from traumatic injury [14]. Pain may be migratory or multifocal and can
range from mild discomfort to severe, incapacitating agony [13].

Cutaneous Symptoms

Cutaneous manifestations occur in approximately 5-10% of DCS cases [14]. These include:

e Pruritus (itching), often without a visible rash.
e Erythematous or mottled rash, sometimes described as cutis marmorata or livedo
racemosa, presenting as a reddish-blue, marbled pattern typically on the trunk, shoulders,

or thighs [13, 14]. This rash can be a harbinger of more severe neurological DCS [13].

Neurological Symptoms

Neurological involvement constitutes Type Il DCS and is present in a significant proportion of
cases, with reported frequencies ranging from 20% to 40% depending on the dive profile and
population [13, 14]. Symptoms may include:

e Spinal cord DCS: Presents with sensory deficits (numbness, paresthesia), motor
weakness (paraplegia or quadriplegia), bladder or bowel dysfunction, and girdle or
abdominal pain [14, 17].

e Cerebral DCS: May cause headache, confusion, visual disturbances (scotomata,
diplopia), dysarthria, ataxia, and mild cognitive impairment [14].

e Inner ear DCS (vestibular or cochlear): Manifests as vertigo, tinnitus, hearing loss,
nausea, vomiting, and nystagmus, often without other symptoms [14, 18]. It is more
common after deep or mixed-gas diving [18].

e Peripheral nerve involvement: Presents as patchy, nondermatomal paresthesias or

numbness [14].



Cardiopulmonary Symptoms (“The Chokes”)

Cardiopulmonary DCS s rare (<5% of cases) but serious, often associated with provocative

dive profiles such as omitted decompression or rapid ascents [14]. Symptoms include:

e Dyspnea

e Chest pain or tightness

e Cough (sometimes productive of bloody sputum)
e Cyanosis

e Insevere cases, cardiovascular collapse and shock [14, 19]

Constitutional and Lymphatic Symptoms

Constitutional symptoms such as fatigue, malaise, headache, and generalized weakness are
reported in 20-40% of cases and may precede or accompany other manifestations [14].
Lymphatic involvement, though rare (<1%), presents as localized swelling, peau d’orange

appearance, or tender lymphadenopathy, typically on the trunk [13].

Temporal Presentation

The timing of symptom onset is a key diagnostic clue. In diving-related DCS:

e 73% of mild cases and 98% of severe cases begin within 1 hour of surfacing [20].

e 999% of all symptoms appear within 6 hours post-dive [20].

e Late onset (>24 hours) is possible, especially following subsequent altitude exposure
such as air travel [21].
In altitude-induced DCS, symptoms may appear during exposure or after return to

ground level [14].

Asymptomatic Decompression Stress

It is important to note that not all bubble formation leads to clinical DCS. Many divers exhibit
detectable venous gas emboli (VGE) or biochemical markers of decompression stress (e.g.,
elevated microparticles, neutrophil activation) without symptoms, indicating a subclinical state

that may still pose long-term risks [22, 11].



Differential Diagnosis Challenges

DCS symptoms are nonspecific and can mimic other conditions, including musculoskeletal
injury, inner ear barotrauma, stroke, migraine, pulmonary edema, and even viral illness [14, 23].
A high index of suspicion is required when symptoms present in individuals with recent
pressure exposure, and a thorough neurological examination is recommended even in

apparently mild cases [14, 24].

PATHOPHYSIOLOGY

1. Initiating Event: Bubble Formation and Dynamics

The primary instigator of DCS is the transition of dissolved inert gas (primarily nitrogen in air

diving) from a supersaturated state into the gaseous phase following decompression.

1.1 Gas Supersaturation and Nucleation

During compression, tissues absorb inert gas proportionally to the inspired partial pressure and
exposure time, as described by Henry's Law. Upon decompression, if the ambient pressure falls
too rapidly, the sum of dissolved gas tensions in tissues can exceed the ambient pressure,
creating a state of supersaturation [25, 26]. This supersaturation provides the thermodynamic

driving force for bubble formation.

Bubbles are thought to originate from pre-existing gas micronuclei—stable microscopic gas
pockets trapped in hydrophobic crevices within tissues, joints, or on vascular surfaces—rather
than forming de novo [27, 28]. The nucleation theory posits that these micronuclei expand
when the surrounding tissue becomes sufficiently supersaturated, providing a low-energy site
for bubble growth [29]. This concept is supported by observations that pre-treating tissues with
extremely high pressure (which theoretically compresses nuclei) reduces subsequent bubble

formation [30].



1.2 Bubble Growth and Resolution

Once formed, bubble behavior is governed by physical laws. The pressure inside a bubble
(Pbub ) is given by:

Pbub =Pamb +r2¢ +M

where Pamb is ambient pressure, o is surface tension, r is bubble radius, and M represents
tissue elastic tension [31]. Small bubbles have a high internal pressure due to surface tension,
favoring gas diffusion out of the bubble and resolution. Conversely, larger bubbles have lower
internal pressure and tend to grow further by inward diffusion of supersaturated gas from

surrounding tissues [32].
Bubbles can form in various locations:

e Extravascular (Tissue) Bubbles: Form in poorly perfused tissues like fat, cartilage,
tendon, and spinal cord white matter. Their growth can cause mechanical distortion,
disrupt cell architecture, and compress microvasculature, leading to ischemia [33, 34].

e Intravascular Bubbles (Venous Gas Emboli - VGE): Form in venous blood draining
supersaturated tissues. These are extremely common after diving and are usually filtered

asymptomatically by pulmonary capillaries [1, 35].

2. Primary Injury Mechanisms

2.1 Mechanical and Ischemic Injury

e Vascular Occlusion: Intravascular bubbles can obstruct blood flow in capillaries and
small arterioles, causing distal ischemia. In the spinal cord, this is thought to be a key
mechanism for neurologic DCS, with the white matter being particularly vulnerable due
to its low vascularity and high lipid content [36, 14].

o Endothelial Damage: Direct contact of bubbles with vascular endothelium causes

physical injury. Bubbles can strip endothelial cells from the basement membrane,



increasing vascular permeability and leading to edema and hypovolemia [37, 38]. Even
transient contact disrupts endothelial integrity and impairs vasoregulatory function.

Tissue Barotrauma: Expanding extravascular bubbles in confined spaces (e.g., within
bone, nerve sheaths, or joint capsules) can cause mechanical disruption, hemorrhage,

and necrosis. This is implicated in dysbaric osteonecrosis and severe joint pain [39].

2.2 Bubble-Endothelium Interaction and Molecular Signaling

Beyond simple occlusion, bubble contact activates pathological signaling in endothelial cells:

Calcium Influx: Bubble contact triggers a rapid influx of calcium into endothelial cells
via mechanosensitive channels, including Transient Receptor Potential Vanilloid
(TRPV) channels [40].

Mitochondrial Dysfunction: The calcium surge can lead to mitochondrial permeability
transition, loss of membrane potential, and ultimately, apoptotic or necrotic cell death
[41].

Oxidant Production: Bubble-endothelium interaction stimulates the production of
reactive oxygen species (ROS), which further damages cells and propagates

inflammatory signaling [42].

3. Secondary Inflammatory and Immunological Cascades

The concept of DCS has evolved from a purely mechanical "bubble disease™” to a syndrome

involving significant dysregulation of inflammation, coagulation, and immunity.

3.1 Activation of the Innate Immune System and Inflammasome

Leukocyte Activation and Sequestration: The presence of bubbles triggers rapid
activation and adhesion of neutrophils to damaged endothelium. Activated neutrophils
release proteases, ROS, and pro-inflammatory cytokines, amplifying tissue injury [43,
44].

NLRP3 Inflammasome Activation: A critical recent discovery links DCS to the

activation of the NLRP3 inflammasome within immune cells. Bubble-induced



oxidative stress and potassium efflux can activate this cytosolic complex, leading to the
cleavage and secretion of Interleukin-1 (IL-1) [45, 10].

e IL-1p as a Key Mediator: IL-1 is a potent pyrogenic and pro-inflammatory cytokine.
Unlike most cytokines, it lacks a signal peptide and is secreted via microparticles
(MPs). Studies in both mice and humans show that MPs containing high concentrations
of IL-1pB are generated during high-pressure exposure and are capable of inducing
vascular injury when transferred to naive animals [10, 12]. This provides a direct

mechanistic link between bubbles, inflammation, and vascular pathology.

3.2 Microparticles (MPs): Vesicular Mediators of Injury

MPs are small (0.1-1.0 um) phospholipid vesicles shed from the membranes of activated,

stressed, or apoptotic cells, including platelets, neutrophils, and endothelial cells.

e Production Under Pressure: Elevated levels of MPs are consistently
documented in divers and animal models following decompression [6, 46].

e  Pro-inflammatory Cargo: MPs act as vectors for bioactive molecules. They
carry not only IL-1p but also other cytokines, adhesion molecules, and tissue
factor, delivering concentrated pro-inflammatory and pro-coagulant signals to
distant sites [47].

e Endothelial Dysfunction: Injection of MPs isolated from decompressed
animals into healthy subjects reproduces vascular leakage and leukocyte
activation, demonstrating their active pathogenic role beyond being mere
biomarkers [48].

3.3 Coagulation and Platelet Activation

A hypercoagulable state often accompanies DCS:

e Platelet Activation: Bubbles and shear stress activate platelets, leading to
aggregation and the release of pro-thrombotic and vasoactive substances [49].
Platelet-neutrophil aggregates form, further potentiating inflammation and

microvascular occlusion [50].
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e  Consumptive Coagulopathy: Activation of the coagulation cascade can lead to
increased fibrin formation and, in severe cases, a slight reduction in circulating
platelets [51].

e  Thrombosis: Microthrombi can form on bubble surfaces or damaged endothelium,
compounding ischemic injury. Pretreatment with antiplatelet agents like abciximab

(a glycoprotein I1b/1lla inhibitor) reduces DCS severity in animal models [52].

3.4 Complement System Activation

The complement system, a key arm of innate immunity, is activated by gas-blood interfaces.

e Alternative Pathway Activation: Bubbles act as foreign surfaces, triggering the
alternative complement pathway, leading to the generation of anaphylatoxins (C3a, C5a)
and the membrane attack complex (C5b-9) [53].

e Cba and Neutrophil Chemotaxis: Cba is a potent chemoattractant for neutrophils.
Complement activation correlates with DCS susceptibility in both animals and humans,

and decomplementation reduces DCS severity in rabbits [54, 55].

4. Factors Influencing Pathophysiology and Individual Susceptibility

4.1 Patent Foramen Ovale (PFO) and Paradoxical Embolism

A PFO, present in 25-30% of the general population, provides a right-to-left intracardiac shunt.
VGE that would normally be filtered by the lungs can pass through a PFO into the arterial
circulation, becoming paradoxical arterial gas emboli. This significantly increases the risk of
cerebral, spinal, and cutaneous DCS, as these small arterialized bubbles can lodge in end-
arterioles of supersaturated tissues and grow [56, 57]. Divers with large PFOs have a higher

incidence of severe neurological DCS [58].

4.2 The Role of Oxidative Stress

High partial pressures of oxygen and inert gases during diving increase ROS production. This

oxidative stress is a key upstream activator of several pathways:
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e Trigger for MP Formation and Inflammasome Activation: ROS can directly
damage cell membranes, promoting MP shedding, and activate the NLRP3
inflammasome [45, 59].

e Endothelial Dysfunction: ROS scavenge nitric oxide (NO), a vital vasodilator,
leading to vasoconstriction and impaired blood flow [60].

e Mitochondrial Damage: As described earlier, oxidative stress synergizes with

calcium overload to impair mitochondrial function [41].

4.3 Theoretical and Contributing Mechanisms

e Nitric Oxide (NO) Depletion: Diving-induced oxidative stress may reduce
bioavailable NO, worsening perfusion. Conversely, NO donors (e.g., nitroglycerin)
administered before diving reduce bubble formation, suggesting a protective role for
NO in maintaining endothelial health and perhaps stabilizing micronuclei [61, 62].

e Neurogenic Inflammation: Bubble-induced endothelial damage in the spinal cord
or brain may lead to the release of substance P and other neuropeptides, contributing
to pain, edema, and further inflammatory recruitment [63].

e Autonomic Dysfunction: Severe DCS can precipitate a shock-like state
characterized by hypovolemia and vasodilation, possibly due to a systemic
inflammatory response syndrome (SIRS) triggered by widespread bubble-

endothelium interaction and cytokine release [64].

5. Integrative Pathophysiological Model

A modern integrative model of DCS pathophysiology can be summarized as a multi-step
cascade:

1. Decompression — Tissue Supersaturation.

2. Growth of Gas Micronuclei — Intravascular and Tissue Bubbles.

3. Primary Injury: Mechanical vascular occlusion, endothelial damage, and tissue
distortion.

4. Bubble-Induced Signaling: Activation of endothelium (Ca?" influx, ROS), platelet

activation, and complement activation.
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5. Amplification Phase: NLRP3 inflammasome activation leads to IL-1p production and
MP release. Neutrophils are recruited and activated.

6. Secondary Injury: MPs disseminate inflammatory signals. Activated neutrophils and a
pro-coagulant state cause further endothelial dysfunction, increased vascular permeability,
ischemia-reperfusion injury, and in severe cases, end-organ damage to the spinal cord,
brain, inner ear, or lungs.

7. Clinical Manifestations: Symptoms reflect the location and magnitude of this combined

mechanical, ischemic, and inflammatory insult.

This model underscores that DCS is not merely a disease of bubbles, but a bubble-triggered,
inflammation-mediated vascular injury syndrome. This paradigm explains why symptoms
can be disproportionate to bubble load and why therapies targeting inflammation (e.g., NSAIDs)

or immune activation may provide benefit alongside recompression and hyperbaric oxygen.

CONCLUSION

Decompression sickness represents a complex pathophysiological entity that has evolved in our
understanding from a simple mechanical model of bubble formation to a sophisticated,
integrated syndrome of vascular injury and dysregulated inflammation. The initiating event
remains the supersaturation of tissues with inert gas and the subsequent growth of gas
micronuclei into macroscopic bubbles during or after decompression. These bubbles act as the
primary insult, causing direct mechanical damage through vascular occlusion, endothelial

disruption, and tissue distortion.

However, the clinical manifestations and severity of DCS are determined not merely by the
presence of bubbles, but by the extensive secondary biological cascades they trigger. Critical
among these are the activation of vascular endothelium, leading to calcium dysregulation and
oxidative stress; the recruitment and hyperactivation of neutrophils; the activation of the
NLRP3 inflammasome and subsequent production of the key pro-inflammatory cytokine IL-1;
and the widespread shedding of pro-coagulant and pro-inflammatory microparticles. These
processes collectively amplify the initial injury, leading to increased vascular permeability, a
pro-thrombotic state, ischemia-reperfusion injury, and ultimately, end-organ damage to the

spinal cord, brain, inner ear, or lungs.
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Individual susceptibility is modulated by anatomical factors such as a patent foramen ovale,
which facilitates paradoxical embolism, and by physiological variables including pre-dive
exercise, inflammatory tone, and endothelial resilience. This integrative model explains the
observed disconnect between venous gas emboli load and clinical symptoms, the variable

latency of symptom onset, and the potential for residual deficits despite recompression therapy.

Future research should continue to refine this model, with a focus on translating the
understanding of inflammatory mediators like microparticles and IL-1f into clinically useful
biomarkers for risk stratification and early diagnosis. Furthermore, this pathophysiological
insight opens avenues for adjunctive pharmacological therapies aimed at modulating the
immune response, protecting the endothelium, or enhancing nitric oxide bioavailability, which
could complement the foundational treatment of hyperbaric oxygen therapy to improve

outcomes in decompression sickness.
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