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Abstract 

Refractory hypoxemia represents a critical, life-threatening complication that may develop in a subset of patients with 

acute respiratory distress syndrome (ARDS) despite the optimization of conventional mechanical ventilation, 

including lung-protective strategies, prone positioning, and neuromuscular blockade. The absence of a universally 

accepted definition, though clinically challenging, does not diminish the urgency of recognition: refractory hypoxemia 

generally denotes persistent arterial oxygen desaturation (e.g., PaO₂/FiO₂ ratio ≤ 100 or oxygenation index > 40) 

despite high inspired oxygen concentrations and elevated levels of positive end-expiratory pressure. When 

conventional rescue interventions fail, venovenous extracorporeal membrane oxygenation (VV ECMO) provides a 

physiological bridge that maintains systemic oxygen delivery while permitting "ultraprotective" ventilation, thereby 

mitigating ventilator-induced lung injury. This comprehensive review examines the etiology, epidemiology, and 

pathophysiology of refractory hypoxemia, with particular emphasis on intrapulmonary shunting as the dominant 

mechanism. The evidence base for VV ECMO, derived from the pivotal CESAR and EOLIA trials and reinforced by 

large-scale COVID-19 observational data, is critically appraised, acknowledging both the strengths and limitations of 

existing studies. Key clinical considerations—including patient selection, timing of initiation, cannulation strategies, 

anticoagulation management, and weaning protocols—are systematically addressed. Major complications, including 

bleeding (30–50%), thrombosis, infection, hemolysis, and neurologic injury, are analyzed within the context of risk 

mitigation and interprofessional management. The review concludes that while VV ECMO is not without substantial 

risk, it confers a survival advantage in carefully selected patients with severe, refractory hypoxemia when deployed 

early, within high-volume expert centers, and under the auspices of a coordinated, multidisciplinary team. Prognosis 

depends critically on patient-specific factors, timing, and institutional experience; long-term functional and cognitive 

recovery, though often achievable, requires structured rehabilitation and follow-up. 
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Key Points 

Definition and Recognition: Refractory 

hypoxemia is operationally defined by a PaO₂/FiO₂ 

ratio ≤ 100 mm Hg or an oxygenation index > 40 

despite high FiO₂ (0.8–1.0), PEEP > 15 cm H₂O, 

and lung-protective ventilation (tidal volumes 4–6 

mL/kg) sustained for more than 12 hours. Early 

recognition using objective metrics is essential to 

prevent irreversible multiorgan failure. 

Pathophysiological Primacy of Shunt: The 

dominant mechanism underlying refractory 

hypoxemia in ARDS is intrapulmonary shunting—

https://cmb.academia.edu/IndunilKarunarathna,
https://www.scribd.com/user/328738511/Dr-Indunil-Karunarathna
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blood passing through nonaerated lung units 

without gas exchange—which renders increases in 

FiO₂ largely ineffective. Ventilation-perfusion 

mismatch, reduced oxygen delivery, and increased 

oxygen consumption often coexist and exacerbate 

the condition. 

Evidence-Based Rescue Therapy: The CESAR 

trial (2009) and EOLIA trial (2018) provide the 

foundational randomized evidence for VV ECMO 

in severe ARDS. Pooled and Bayesian reanalyses 

demonstrate a statistically significant mortality 

reduction (approximately 20–25% relative risk 

reduction) with early ECMO initiation, despite 

EOLIA not meeting conventional statistical 

significance due to high crossover rates. 

Timing and Selection Matter: The greatest 

survival benefit is observed when ECMO is initiated 

within 7 days of mechanical ventilation in patients 

with severe, potentially reversible ARDS. Delayed 

initiation, advanced age, irreversible comorbidities, 

and multiorgan failure (SOFA > 15) are associated 

with poorer outcomes and should inform patient 

selection. 

Complications Are Common and 

Manageable: Bleeding (30–50%), thrombosis, 

hemolysis, infection, and neurologic injury occur 

frequently but can be mitigated through 

protocolized anticoagulation, routine circuit 

monitoring, strict aseptic technique, and a high 

index of suspicion for early detection. 

Interprofessional Coordination Is Non-

Negotiable: Successful ECMO programs require 

structured collaboration among intensivists, 

surgeons, perfusionists, nurses, respiratory 

therapists, pharmacists, and transport teams. 

Standardized handoffs, daily multidisciplinary 

rounds, and preprocedural briefings reduce 

preventable harm. 

Oxygenation Is Not the Goal; Recovery 

Is: Improvements in PaO₂ do not reliably predict 

survival. The therapeutic aim is to maintain tissue 

oxygen delivery while minimizing VILI, supporting 

organ function, and facilitating native lung 

recovery. Long-term sequelae—including post-

intensive care syndrome (PICS)—require structured 

rehabilitation and follow-up. 

 

Introduction 

Refractory hypoxemia, a clinical phenomenon 

characterized by the failure of conventional and 

advanced mechanical ventilation to secure 

adequate arterial oxygenation, may develop in 

a small but critically important subset of 

patients with acute respiratory failure. Within 

the nosological framework of critical care 

medicine, the most common underlying 

etiology is the acute respiratory distress 

syndrome (ARDS), a condition that presents a 

formidable challenge to intensivists due to its 
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complex pathophysiology and high associated 

morbidity and mortality. While a panoply of 

ventilatory strategies—ranging from 

recruitment maneuvers to inverse ratio 

ventilation—can transiently improve 

oxygenation parameters, a persistent and 

vexing dilemma is that these maneuvers rarely 

confer a demonstrable survival benefit in robust 

randomized controlled trials. Compounding 

this clinical difficulty is the absence of a 

universally accepted, evidence-based definition 

for refractory hypoxemia itself. Nevertheless, 

the term is generally understood to denote a 

state of inadequate arterial oxygenation, 

typically defined by a partial pressure of arterial 

oxygen (PaO₂) that remains perilously low 

despite the administration of high inspired 

oxygen concentrations (FiO₂) often 

approaching 1.0. A recent survey of clinical 

practice underscores the substantial variability 

in how intensivists operationally define this 

condition, reflecting the heterogeneity of 

underlying disease and the absence of definitive 

guidelines.[1] 

Proposed definitions in the peer-reviewed 

literature offer more specific, albeit still 

contested, criteria. These often include a PaO₂ 

of 60 mm Hg or lower despite optimization of 

support, or a ratio of PaO₂ to FiO₂ (P/F ratio) of 

100 or lower on an FiO₂ of 0.8 to 1.0, in 

conjunction with high levels of positive end-

expiratory pressure (PEEP > 15 cm H₂O) or 

plateau pressures exceeding 30 cm H₂O, with 

these derangements sustained for more than 12 

hours despite the application of a lung-

protective ventilation strategy (tidal volumes of 

4–6 mL/kg of predicted body weight).[2] An 

alternative, physiologically integrated metric is 

the oxygenation index (OI), calculated as (mean 

airway pressure × FiO₂ × 100) / PaO₂. An OI 

greater than 40 is increasingly used to denote 

refractory hypoxemia that may warrant 

consideration of rescue therapy, most notably 

venovenous extracorporeal membrane 

oxygenation (VV ECMO), particularly after the 

failure of standard interventions such as prone 

positioning, neuromuscular blockade, and 

inhaled pulmonary vasodilators. Refractory 

hypoxemia thus poses a profound challenge in 

the treatment of acute respiratory failure, 

especially within the context of ARDS. A 

subset of patients remains severely hypoxemic 

despite the optimized deployment of high-

PEEP strategies, prone positioning, and 

neuromuscular blockade. Although these 

interventions may improve oxygenation as a 

physiological endpoint, they have not been 

shown to consistently improve survival, a 
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disconnect that highlights the complex, 

multifactorial nature of outcome in critical 

illness. In cases of persistent, life-threatening 

hypoxemia, VV ECMO provides a rescue 

strategy designed to maintain systemic oxygen 

delivery while simultaneously limiting 

ventilator-induced lung injury (VILI)—a core 

principle of lung-protective critical care. 

During VV ECMO, deoxygenated blood is 

drained from the central venous circulation, 

typically via a large-bore cannula, passed 

through an external membrane oxygenator 

where gas exchange occurs across a 

polymethylpentene fiber membrane, and then 

returned to the venous system. This 

extracorporeal circuit allows for the near-

complete removal of carbon dioxide and 

oxygenation independent of native lung 

function, effectively decoupling gas exchange 

from mechanical ventilation. VV ECMO is 

therefore appropriate in cases of severe 

hypoxemia because it supports oxygen delivery 

while permitting "ultraprotective" ventilation 

(e.g., very low tidal volumes, low respiratory 

rates, and reduced plateau pressures), thereby 

mitigating further iatrogenic lung injury. 

This educational activity for healthcare 

professionals is designed to enhance learners' 

proficiency in administering VV ECMO and 

selecting appropriate candidates for this high-

complexity intervention. Participants will 

deepen their understanding of the 

pathophysiology and clinical definition of 

refractory hypoxemia, follow a structured, 

stepwise approach to therapeutic escalation, 

and critically review the evidence base guiding 

VV ECMO initiation. Complications, weaning 

strategies, and long-term patient outcomes are 

also discussed. The essential, interdependent 

roles of intensivists, respiratory therapists, 

bedside nurses, perfusionists, and dedicated 

ECMO specialists in recognizing clinical 

deterioration, initiating extracorporeal support, 

and managing advanced respiratory failure will 

be emphasized throughout. A strengthened, 

shared mental model of VV ECMO fosters 

effective interprofessional collaboration in 

high-acuity clinical settings, an indispensable 

precondition for improving patient outcomes. 

Etiology 

Refractory hypoxemia most frequently arises as 

a direct consequence of severe acute lung injury 

associated with ARDS. The inciting 

pathophysiological cascade—diffuse alveolar 

damage, disruption of the alveolar-capillary 

basement membrane, and increased capillary 

permeability—profoundly impairs gas 

exchange and perpetuates a state of persistent 
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hypoxemia that is recalcitrant to standard 

therapy. Beyond ARDS, a diverse array of 

additional causes can precipitate this clinical 

picture, including severe bacterial or viral 

pneumonia, sepsis (with or without overt 

pneumonia), major trauma (including 

pulmonary contusion and fat embolism 

syndrome), aspiration of gastric contents, near-

drowning, severe burns, smoke inhalation, 

transfusion-related acute lung injury (TRALI), 

and pulmonary embolism—whether from 

thrombotic, air, fat, or amniotic fluid sources. 

Toxic inhalations (e.g., chlorine, nitrogen 

dioxide) and radiation pneumonitis represent 

additional environmental and iatrogenic 

etiologies. Moreover, systemic non-pulmonary 

illnesses, such as acute pancreatitis and 

autoimmune diseases (e.g., systemic lupus 

erythematosus, anti-neutrophil cytoplasmic 

antibody-associated vasculitis), may also 

precipitate severe, diffuse lung injury and 

consequently lead to refractory hypoxemia. In 

each case, the final common pathway involves 

a profound disruption of normal gas exchange, 

often with a dominant intrapulmonary shunt 

component. 

Epidemiology 

Severe hypoxemia, often operationalized as a 

P/F ratio less than 100 mm Hg on optimized 

ventilator settings, occurs in approximately 

20% to 30% of patients diagnosed with ARDS 

and contributes substantially to the condition's 

persistently high mortality rate, which 

historically ranges from 35% to 45% in modern 

series. Refractory hypoxemia, defined by more 

stringent criteria (e.g., P/F < 80 despite high 

PEEP, or OI > 40), though less common, 

remains a critical concern and is estimated to 

account for 10% to 15% of ARDS-related 

deaths.[3] Patients who reach this degree of 

hypoxemia often require advanced rescue 

therapies that extend beyond the capabilities of 

conventional mechanical ventilation, even 

when practiced according to evidence-based 

guidelines. The increasing use of ECMO in 

recent years reflects its emerging role as a 

standard-of-care treatment for this high-risk 

subgroup, particularly in specialized tertiary 

and quaternary referral centers with dedicated 

interprofessional expertise, robust quality 

improvement infrastructure, and sufficient case 

volume to maintain clinical proficiency. 

Pathophysiology 

At its core, refractory hypoxemia represents a 

failure of the lung’s primary gas exchange 

function, despite the application of maximal 

ventilatory support. The principal 

pathophysiological mechanism underlying this 
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failure is intrapulmonary shunting, a process 

wherein mixed venous blood passes through 

nonaerated or consolidated lung units and 

returns to the left atrium without having 

participated in gas exchange. This right-to-left 

shunt results in persistent hypoxemia that is 

largely refractory to increases in FiO₂, as the 

shunted blood never contacts ventilated 

alveolar gas. Shunt physiology is a defining, 

quasi-obligate feature of the acute respiratory 

distress syndrome and is most frequently 

caused by alveolar flooding (edema), alveolar 

collapse (atelectasis), or complete 

consolidation (as in pneumonia). 

Several additional, often co-occurring 

mechanisms may contribute to or exacerbate 

refractory hypoxemia. Ventilation-perfusion 

(V/Q) mismatch, wherein some lung units are 

ventilated but poorly perfused (high V/Q) and 

others perfused but poorly ventilated (low 

V/Q), is common and may arise from 

atelectasis, pneumonia, pulmonary embolism, 

or alveolar infiltrates. Hypoventilation, though 

less frequently a primary mechanism in 

mechanically ventilated patients, may result 

from ventilator circuit malfunctions (e.g., leaks, 

incorrect settings), residual neuromuscular 

weakness (e.g., from neurological injury or 

prolonged neuromuscular blockade), or central 

nervous system depression (e.g., from sedation 

or brain injury). In some clinical scenarios, 

increased systemic oxygen consumption (VO₂), 

which may arise from hypermetabolic states 

such as sepsis, agitation, fever, or 

thyrotoxicosis, can exceed the body's oxygen 

delivery (DO₂) capacity. Conditions that reduce 

DO₂—including low cardiac output (e.g., from 

cardiomyopathy or hypovolemia) or anemia 

(reduced oxygen-carrying capacity)—may 

further precipitate or worsen tissue hypoxia, 

even when pulmonary gas exchange is 

relatively intact. Intracardiac or intrapulmonary 

shunting due to anatomical anomalies, such as 

a patent foramen ovale (with right-to-left 

shunting under conditions of elevated right 

atrial pressure) or pulmonary arteriovenous 

malformations (e.g., in hereditary hemorrhagic 

telangiectasia), may also contribute. Critically, 

these mechanisms often coexist in the critically 

ill patient. The combined, interactive effects of 

intrapulmonary shunt, V/Q mismatch, reduced 

DO₂, and increased VO₂ frequently result in a 

state of persistent, profound hypoxemia that 

proves unresponsive to conventional 

interventions. 

History and Physical 

Patients with refractory hypoxemia typically 

present with progressive dyspnea, tachypnea, 
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and worsening oxygenation parameters despite 

escalating levels of respiratory support. 

Intubation and mechanical ventilation are 

almost invariably required, either at 

presentation or as the condition evolves. The 

physical examination often reveals tachycardia 

(a compensatory response to hypoxemia and 

increased sympathetic drive), tachypnea (if the 

patient is spontaneously breathing or triggering 

the ventilator), and central or peripheral 

cyanosis, a late finding indicating significant 

concentrations of deoxygenated hemoglobin. 

Auscultation of the lungs frequently reveals 

bilateral, diffuse crackles (rales), consistent 

with diffuse alveolar involvement (e.g., 

pulmonary edema, inflammation). In 

spontaneously breathing patients, careful 

inspection may reveal use of accessory muscles 

of respiration (sternocleidomastoid, scalenes, 

intercostals) or a paradoxical respiratory pattern 

(e.g., abdominal paradox, thoracoabdominal 

asynchrony), indicating impending respiratory 

muscle fatigue. 

A focused but comprehensive history should 

systematically evaluate potential underlying 

causes, including recent or ongoing infection, 

witnessed or unwitnessed aspiration, major 

trauma (including blunt or penetrating chest 

injury), blood product transfusion (particularly 

within the prior 6 hours, raising suspicion for 

TRALI), or known toxic exposures. Particular 

attention should be paid to the timeline of 

events preceding respiratory decompensation. 

The cardiovascular assessment should include a 

thorough search for signs of heart failure 

(especially cardiogenic pulmonary edema) or 

distributive/hypovolemic shock, including 

inspection for jugular venous distension, 

palpation for a left ventricular S3 gallop, 

percussion for hepatomegaly, and assessment 

for peripheral edema. Evidence of systemic 

hypoperfusion—manifest as altered mental 

status (agitation, confusion, or lethargy), cold 

or mottled extremities, delayed capillary refill 

(>3 seconds), or oliguria (urine output <0.5 

mL/kg/hr)—may indicate concomitant 

circulatory compromise and necessitates urgent 

hemodynamic intervention (e.g., vasopressors, 

inotropes, fluid resuscitation) alongside 

respiratory management. 

Evaluation 

The evaluation of refractory hypoxemia is a 

systematic, time-sensitive process that begins 

with immediate bedside verification of pulse 

oximetry (SpO₂) signal quality and accuracy, as 

motion artifact or poor peripheral perfusion can 

produce spurious readings. This is followed by 

confirmation of ventilator settings to ensure that 
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prescribed FiO₂, PEEP, tidal volume, and mode 

are correctly delivered. The overarching goals 

are the identification of underlying causes, the 

detection of reversible complications, and the 

assessment of severity to guide escalation. 

Chest radiography (portable, supine if 

necessary) is the initial imaging modality, used 

to detect bilateral infiltrates suggestive of lung 

parenchymal disease, such as ARDS, 

pneumonia, or pulmonary edema. Computed 

tomography (CT) of the chest, often performed 

once the patient is stabilized for transport, 

provides superior spatial resolution and may 

identify pulmonary embolism, interstitial lung 

disease, or lobar collapse (e.g., from mucus 

plugging or endobronchial lesion) not visible on 

plain radiography. Arterial blood gas (ABG) 

analysis is essential to quantify hypoxemia 

(PaO₂, P/F ratio, OI), assess for concurrent 

hypercapnia (PaCO₂) and its associated acid-

base status (pH, bicarbonate), and guide 

adjustments to ventilation and extracorporeal 

support. 

Echocardiography (transthoracic or, more 

commonly, transesophageal in mechanically 

ventilated patients) is a critical, non-invasive 

tool to exclude cardiogenic causes of 

hypoxemia, including acute left ventricular 

dysfunction (e.g., stress cardiomyopathy, 

myocardial infarction), undiagnosed 

intracardiac shunts (e.g., patent foramen ovale 

or atrial septal defect with right-to-left flow), 

and pulmonary hypertension (estimated right 

ventricular systolic pressure, septal 

morphology). Evidence of right ventricular 

strain—including dilatation, hypokinesis, or the 

"McConnell's sign"—may indicate massive 

pulmonary embolism or advanced pulmonary 

vascular disease. Laboratory evaluation, 

including inflammatory markers (e.g., C-

reactive protein, procalcitonin, interleukin-6), 

serial blood cultures (aerobic and anaerobic), 

serum lactate (a marker of anaerobic 

metabolism and tissue hypoperfusion), brain 

natriuretic peptide (BNP or NT-proBNP, to 

differentiate cardiac from non-cardiogenic 

pulmonary edema), cardiac enzymes (troponin 

I or T), and a complete blood count (with 

differential), can help identify infection, sepsis, 

or cardiac involvement. Finally, bedside 

assessment must also consider equipment-

related issues such as ventilator malfunction, 

circuit disconnection, or a newly developed 

pneumothorax (e.g., tension physiology) that 

may acutely worsen hypoxemia and require 

immediate decompression. This 

comprehensive, parallel evaluation process is 

the foundation upon which appropriate 
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therapeutic escalation, including the decision to 

initiate VV ECMO, is built. 

Treatment / Management 

The management of refractory hypoxemia 

represents a hierarchical, physiologically 

grounded escalation of therapeutic 

interventions, ranging from optimized 

conventional mechanical ventilation to 

advanced rescue therapies. The primary goal in 

managing this critical condition is to maintain 

adequate systemic oxygen delivery (DO₂) to 

support end-organ perfusion and cellular 

respiration, rather than pursuing the potentially 

misleading objective of normalizing arbitrary 

oxygen saturation thresholds. This principle 

acknowledges the sigmoidal shape of the 

oxyhemoglobin dissociation curve and the fact 

that, for most tissues, oxygen extraction is 

highly efficient until hypoxemia becomes 

severe. Effective care therefore requires a 

multimodal, often parallel combination of 

ventilatory strategies, adjunctive 

pharmacologic and positioning therapies, and, 

in refractory cases, extracorporeal life support. 

Recruitment Maneuvers 

Recruitment maneuvers constitute a set of 

transient, controlled increases in airway 

pressure designed to reopen collapsed 

(atelectatic) or flooded alveoli, thereby 

expanding the lung's total gas-exchanging 

surface area and reducing intrapulmonary 

shunt. The theoretical foundation for 

recruitment lies in the concept of "open lung 

ventilation," which posits that maintaining 

alveolar patency minimizes cyclic atelectasis 

(atelectrauma) and reduces shear stress-induced 

lung injury. These techniques include the 

application of continuous positive airway 

pressure (CPAP) or PEEP of 30 to 50 cm H₂O 

for 20 to 30 seconds (a sustained inflation), 

stepwise increases in PEEP with corresponding 

adjustments in peak inspiratory pressures to 40 

to 45 cm H₂O, and staircase (incremental) 

maneuvers involving gradual, stepwise 

adjustments in PEEP to identify the optimal 

lung compliance—often derived from a 

pressure-volume curve inflections point. 

Although often effective in transiently 

improving PaO₂/FiO₂ ratios, recruitment 

maneuvers carry significant risks, including 

hypotension (due to decreased venous return 

and increased intrathoracic pressure), alveolar 

overdistention (volutrauma), and barotrauma 

(pneumothorax, pneumomediastinum). 

Consequently, they are typically used as 

temporizing, bridging measures while 

preparing for more definitive or sustained 
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therapies such as prone positioning or 

extracorporeal membrane oxygenation. 

Notably, no large randomized trial has 

demonstrated a survival benefit from routine 

recruitment maneuvers, and some have 

suggested potential harm, particularly in 

patients with higher baseline PEEP. 

Ventilatory Strategies and Adjuncts 

No single ventilation mode—including airway 

pressure release ventilation (APRV), high-

frequency oscillatory ventilation (HFOV), or 

pressure-controlled ventilation (PCV)—has 

demonstrated consistent superiority over 

conventional volume- or pressure-controlled, 

lung-protective strategies in the management of 

refractory hypoxemia. APRV, a mode that 

delivers continuous positive airway pressure 

with brief, time-cycled releases to a lower 

pressure, theoretically improves oxygenation 

by permitting spontaneous breathing 

throughout the respiratory cycle and enhancing 

mean airway pressure. HFOV, which uses very 

high respiratory rates (3–15 Hz) and very small 

tidal volumes (often less than anatomical dead 

space), was designed to minimize VILI but has 

not shown survival benefit and may increase 

mortality in adults. Therefore, a hierarchical 

approach using adjunctive measures is 

recommended. These adjuncts include prone 

positioning, inhaled pulmonary vasodilators 

(e.g., nitric oxide at 5–20 ppm or prostacyclin 

analogs such as epoprostenol or iloprost), 

neuromuscular blockade (NMB), conservative 

fluid management strategies (often guided by 

central venous pressure or extravascular lung 

water indices), systemic corticosteroids 

(particularly in specific ARDS subphenotypes, 

such as those with hyperinflammation), and, in 

cases of persistent hypoxemia despite 

optimized lung-protective ventilation with low 

tidal volumes (4–6 mL/kg predicted body 

weight) and adequate PEEP, extracorporeal 

membrane oxygenation (ECMO). 

Neuromuscular Blockade 

Neuromuscular blocking agents (NMBAs), 

such as cisatracurium or vecuronium, can 

enhance ventilator synchrony, eliminate 

patient-ventilator asynchrony, reduce oxygen 

consumption (VO₂) by abolishing the work of 

breathing and shivering, and prevent "double 

triggering" that can lead to high tidal volumes 

and VILI. Meta-analyses of randomized 

controlled trials, including the landmark 

ACURASYS and ROSE trials, suggest 

reductions in mortality and barotrauma, 

particularly when NMBAs are used within the 

first 48 hours of moderate-to-severe ARDS 

(PaO₂/FiO₂ < 150 mm Hg).[4][5] However, the 
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more recent ROSE trial, which used a lighter 

sedation protocol, did not replicate the 

mortality benefit seen in ACURASYS, 

suggesting that the beneficial effect may be 

context-dependent or mediated by deeper 

sedation rather than NMB per se. Caution is 

advised when NMBAs are combined with high-

dose corticosteroids due to the well-

documented risk of critical illness myopathy 

and polyneuropathy (CIM/CIP), a complication 

that can prolong mechanical ventilation and 

rehabilitation. 

Prone Positioning 

Prone positioning (proning) is a well-

established, evidence-based intervention that 

improves oxygenation through multiple 

interrelated mechanisms: recruitment of dorsal 

(dependent) lung regions by relieving the 

compressive weight of the heart and 

mediastinum, enhancing ventilation/perfusion 

(V/Q) matching by redistributing pulmonary 

blood flow toward better-ventilated dorsal 

areas, reducing shunt fraction, and promoting 

more homogeneous lung stress and strain 

distribution. This intervention requires deep 

sedation (often with concomitant NMB) and 

coordinated, multidisciplinary care to avoid 

complications such as pressure ulcers, facial 

edema, and endotracheal tube obstruction or 

dislodgement. The landmark Prone Positioning 

in Severe Acute Respiratory Distress Syndrome 

(PROSEVA) trial demonstrated a striking 50% 

reduction in 28-day mortality in patients with 

severe ARDS (PaO₂/FiO₂ < 150 mm Hg) who 

were proned for 16 hours or more per day for an 

average of 4 days, initiated early in the disease 

course. Contraindications to prone positioning 

are absolute in some cases and relative in 

others. Absolute contraindications include 

spinal instability (e.g., recent cervical or 

thoracic fusion), unstable facial or thoracic 

trauma (e.g., flail chest, penetrating injury), 

recent sternotomy (within 10–14 days), and 

elevated intracranial pressure (ICP > 20–30 mm 

Hg). Relative contraindications include 

pregnancy, morbid obesity, abdominal 

distension, and open abdominal wounds. 

Combining prone positioning with NMB may 

improve oxygenation synergistically and 

further reduce ventilator-induced lung injury, 

as the combination reduces patient movement, 

prevents accidental dislodgement, and 

optimizes chest wall mechanics.[6] 

Extracorporeal Membrane Oxygenation 

(ECMO) 

ECMO provides temporary, life-sustaining 

cardiopulmonary support for patients with 

severe, refractory hypoxemia that remains 
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unresponsive to maximal conventional therapy, 

including prone positioning, inhaled pulmonary 

vasodilators, and recruitment maneuvers.[7] 

This treatment modality is most appropriately 

deployed in patients who have failed to improve 

despite optimization of these interventions, 

ideally in tertiary referral centers with high-

volume ECMO programs and dedicated 

multidisciplinary teams. Indications for 

ECMO, while institution-specific, generally 

include a PaO₂/FiO₂ ratio below 50 mm Hg on 

100% FiO₂ for more than 3 hours, an 

oxygenation index (OI) greater than 40, failure 

of or contraindication to prone positioning or 

NMB, and sustained refractory hypoxemia for 

more than 6 hours despite the optimization of 

lung-protective ventilation. 

Venovenous ECMO (VV ECMO) is the 

configuration of choice for isolated respiratory 

failure in the setting of preserved cardiac 

function, such as severe ARDS, viral 

pneumonia (e.g., influenza, SARS-CoV-2), or 

status asthmaticus. In VV ECMO, 

deoxygenated blood is drained from a central 

vein (typically the internal jugular or femoral 

vein via a multistage cannula), passed through 

a centrifugal pump and a polymethylpentene 

membrane oxygenator, and returned to the 

venous system (typically via a femoral or 

internal jugular return cannula, or via a single 

dual-lumen cannula placed in the internal 

jugular vein with the tip in the right atrium). In 

contrast, venoarterial ECMO (VA ECMO) is 

indicated for patients with concurrent cardiac 

and respiratory failure, including those with 

massive pulmonary embolism (with refractory 

shock), cardiogenic shock (e.g., post-

myocardial infarction, fulminant myocarditis), 

or cardiac arrest (extracorporeal 

cardiopulmonary resuscitation, or E-CPR). 

Anticoagulation is typically achieved with 

intravenous unfractionated heparin, titrated to 

maintain an activated clotting time (ACT) of 

180 to 210 seconds or an anti-Xa level of 0.3 to 

0.7 IU/mL, although bivalirudin or other direct 

thrombin inhibitors may be used in cases of 

heparin-induced thrombocytopenia (HIT). 

Oxygenation is monitored by adjusting the 

mixed venous saturation (SvO₂, measured post-

oxygenator) and sweep gas flow (the rate at 

which fresh gas, typically 100% oxygen, passes 

through the oxygenator). The target venous 

saturation is typically maintained 20% to 25% 

below arterial levels, reflecting adequate 

oxygen transfer.[8] 

Several interrelated factors influence 

oxygenation during ECMO support, including 

circuit flow rate (typically maintained at 50–80 
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mL/kg/min for adequate DO₂), pump 

performance (centrifugal pumps are preferred 

for their reliability and lower hemolysis), 

hemoglobin concentration (target 

approximately 10–12 g/dL to optimize oxygen-

carrying capacity while avoiding polycythemia 

or hyperviscosity), degree of recirculation (the 

proportion of oxygenated blood that is drawn 

back into the venous drainage cannula without 

reaching the patient, often due to poor cannula 

positioning), native lung function (which 

contributes variably to gas exchange), and 

adequacy of venous return (e.g., from 

hypovolemia, elevated intrathoracic pressure, 

or cannula malposition). When hypoxemia 

persists despite adequate ECMO support—a 

phenomenon sometimes termed "critical 

hypoxemia on ECMO"—corrective strategies 

may include: increasing blood flow (if not 

limited by venous drainage or circuit ratings), 

minimizing systemic oxygen consumption 

through deep sedation, NMB, or targeted 

temperature management (mild hypothermia to 

34–36°C), optimizing hemoglobin via 

transfusion, and reducing recirculation by 

adjusting or replacing cannulae. Cannula 

repositioning under ultrasound or fluoroscopic 

guidance or the use of dual-lumen (bicaval) 

cannulation (e.g., Avalon or Crescent cannula) 

may also be considered to optimize flow 

dynamics. 

Weaning from ECMO begins once objective 

markers of pulmonary recovery show sustained 

improvement: chest imaging (reduction in 

bilateral opacities), static respiratory system 

compliance (Crs > 30–40 mL/cm H₂O), and 

native gas exchange (spontaneous or ventilator-

supported PaO₂/FiO₂ > 80–100 mm Hg). The 

weaning protocol typically involves gradually 

reducing sweep gas flow (thereby decreasing 

CO₂ removal and allowing PaCO₂ to rise, which 

stimulates native respiratory drive) while 

maintaining blood flow to assess the patient's 

tolerance. Ventilator settings are 

simultaneously adjusted to more conventional 

lung-protective parameters (e.g., tidal volume 

6–8 mL/kg, PEEP 8–12 cm H₂O) to assess 

native lung function. Final decannulation is 

considered once the patient demonstrates 

sustained oxygenation and ventilation without 

extracorporeal support for a defined period 

(often 4–6 hours of "trial off" with sweep gas 

off but circuit continuity maintained). 

Decannulation is typically performed at the 

bedside with local anesthesia, manual 

compression, or purse-string suture closure. 

Absolute contraindications to ECMO include 

terminal illness (e.g., metastatic malignancy 
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with limited life expectancy), severe and 

irreversible neurologic injury (e.g., large 

intracranial hemorrhage, anoxic brain injury 

with no brainstem reflexes), and advanced 

directives refusing life-sustaining therapy. 

Relative contraindications include severe 

multiorgan failure (Sequential Organ Failure 

Assessment [SOFA] score > 15, although not 

absolute), uncontrolled bleeding (active 

intracranial, gastrointestinal, or pulmonary 

hemorrhage), advanced age (typically > 70–75 

years, though age alone is a poor predictor), and 

irreversible pulmonary disease (e.g., end-stage 

idiopathic pulmonary fibrosis without 

transplant candidacy). The decision to initiate 

ECMO requires careful, often multidisciplinary 

deliberation weighing potential benefits against 

significant risks, including bleeding, 

thrombosis, infection, limb ischemia (in VA 

ECMO), and the substantial resource utilization 

inherent to extracorporeal support. 

Differential Diagnosis 

The evaluation of refractory hypoxemia 

demands a systematic and rigorous approach to 

differential diagnosis, as alternative or 

coexisting conditions may mimic or exacerbate 

the clinical picture of severe ARDS. Some of 

these entities require targeted interventions that 

diverge substantially from standard ARDS 

management protocols, and their recognition 

can be life-saving. Intracardiac shunts, such as 

atrial septal defect (ostium secundum, primum, 

or sinus venosus type) and patent foramen ovale 

(PFO), represent anatomical communications 

between the systemic and pulmonary 

circulations. Under normal physiological 

conditions, left atrial pressure exceeds right 

atrial pressure, rendering these shunts 

hemodynamically insignificant. However, in 

the setting of elevated right-sided pressures—

which frequently accompany ARDS due to 

positive pressure ventilation, pulmonary 

hypertension, or right ventricular 

dysfunction—these communications may 

permit paradoxical right-to-left shunting of 

deoxygenated blood, thereby exacerbating 

hypoxemia in a manner that is refractory to 

increases in FiO₂. Such shunts can be identified 

using agitated saline contrast echocardiography 

(bubble study), wherein the appearance of 

microbubbles in the left atrium within three to 

five cardiac cycles after opacification of the 

right atrium suggests an intracardiac shunt. 

Intrapulmonary shunts, including pulmonary 

arteriovenous malformations (PAVMs)—often 

associated with hereditary hemorrhagic 

telangiectasia (Osler-Weber-Rendu 

syndrome)—and hepatopulmonary syndrome 
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(HPS) complicating chronic liver disease, result 

in direct perfusion of nonventilated lung units 

or diffusion-perfusion defects. In HPS, 

pulmonary vascular dilatation leads to impaired 

oxygen exchange, often exacerbated in the 

supine position (platypnea) and improved with 

upright posture (orthodeoxia). Diagnosis of 

intrapulmonary shunts may require contrast-

enhanced echocardiography (with delayed 

appearance of bubbles in the left atrium after 

>3–6 cardiac cycles), technetium-99m-labeled 

macroaggregated albumin lung perfusion 

scanning (demonstrating extrapulmonary 

uptake), or pulmonary angiography. 

Massive pulmonary embolism (PE) can 

produce a dramatic clinical picture of acute 

right ventricular failure, severe 

ventilation/perfusion (V/Q) mismatch, and 

refractory hypoxemia, often with relative 

preservation of PaCO₂ (due to compensatory 

hyperventilation). The pathophysiology of 

hypoxemia in massive PE involves increased 

alveolar dead space, redistribution of 

pulmonary blood flow, and, in some cases, 

right-to-left shunting through a patent foramen 

ovale. Diagnosis is typically confirmed by 

computed tomography pulmonary angiography 

(CTPA) in hemodynamically stable patients, or 

by bedside echocardiography (demonstrating 

right ventricular dilatation, hypokinesis, and the 

"McConnell's sign") in unstable patients where 

transport for CT is hazardous. Severe 

pulmonary hypertension, whether primary 

(pulmonary arterial hypertension, PAH) or 

secondary to conditions such as chronic 

thromboembolic disease, left heart disease, or 

connective tissue disorders, can similarly 

impair gas exchange through mechanisms 

including reduced cardiac output, V/Q 

mismatch, and increased right-to-left shunting. 

Evaluation may require serial 

echocardiography (estimating right ventricular 

systolic pressure, assessing right heart size and 

function) or diagnostic right heart 

catheterization to measure mean pulmonary 

artery pressure (mPAP), pulmonary artery 

wedge pressure (PAWP), and pulmonary 

vascular resistance (PVR). Early recognition of 

these conditions is essential, as some are 

reversible (e.g., massive PE treated with 

thrombolysis or embolectomy, HPS potentially 

improving with liver transplantation) or may 

benefit from therapies distinct from 

conventional approaches to ARDS (e.g., 

targeted pulmonary vasodilators for PAH, 

device closure of PFO). 

Pertinent Studies and Ongoing Trials 



Uva Clinical Research Lab 2026 © Uva Clinical Anaesthesia and Intensive Care ISSN 2827-7198  

28 April 2026                                                   Extracorporeal Membrane Oxygenation (ECMO): 

 
 

Uva Clinical Research Lab 2026 © Uva Clinical Anaesthesia and Intensive Care ISSN 2827-7198 

28 April 2026                                                    Extracorporeal Membrane Oxygenation (ECMO): 
16 

 

The evidence base supporting extracorporeal 

membrane oxygenation as a rescue therapy for 

severe ARDS with refractory hypoxemia rests 

upon two pivotal randomized controlled 

trials—the Conventional Ventilatory Support 

versus ECMO for Severe Adult Respiratory 

Failure (CESAR) trial and the ECMO to Rescue 

Lung Injury in Severe ARDS (EOLIA) trial—

supplemented by subsequent meta-analyses and 

real-world data, particularly from the COVID-

19 pandemic. Both trials evaluated ECMO's 

impact on survival and long-term disability 

among patients unresponsive to conventional 

mechanical ventilation, yet each possesses 

important methodological limitations. Despite 

these constraints, the aggregate findings 

support ECMO use in appropriately selected 

patients with severe hypoxemia, particularly 

when deployed early and in high-volume expert 

centers. 

The Conventional Ventilatory Support 

versus Extracorporeal Membrane 

Oxygenation for Severe Adult Respiratory 

Failure Trial (2009) 

The CESAR trial, a multicenter, pragmatic 

randomized controlled trial conducted in the 

United Kingdom, was designed to examine the 

safety, efficacy, and cost-effectiveness of 

referral to an ECMO center compared with 

continued conventional mechanical ventilation 

at referring hospitals. The study enrolled 180 

adults with severe, potentially reversible 

ARDS, defined by a PaO₂/FiO₂ ratio below 200 

mm Hg or a Murray lung injury score above 

3.0. The primary outcome was survival without 

severe disability at 6 months, as measured by 

the Glasgow Outcome Scale. In the intention-

to-treat analysis, survival without disability 

occurred in 63% of patients randomized to the 

ECMO referral arm, compared with 47% in the 

conventional treatment arm (relative risk 1.34; 

95% confidence interval [CI], 1.03–1.75; p = 

0.03). However, several notable limitations 

constrain the generalizability and internal 

validity of CESAR. First, ventilator 

management in the conventional arm was not 

standardized according to contemporary lung-

protective ventilation principles (low tidal 

volume, plateau pressure limitation), and many 

control patients received higher tidal volumes 

than currently recommended. Second, only 

75% of patients assigned to the ECMO arm 

actually received ECMO, introducing potential 

dilution of the treatment effect. Third, the trial 

was not blinded, and outcomes were assessed 

by unblinded observers. Despite these 

constraints, CESAR demonstrated that ECMO 

use was associated with improved outcomes 
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and was cost-effective within the National 

Health Service (NHS) context, thereby 

providing the first randomized evidence 

supporting ECMO referral for severe ARDS.[9] 

The Extracorporeal Membrane 

Oxygenation to Rescue Lung Injury in 

Severe Acute Respiratory Distress 

Syndrome Trial (2018) 

The EOLIA trial, a multicenter, international 

randomized controlled trial conducted in 35 

centers across four countries, was designed to 

address many of the methodological criticisms 

of CESAR by standardizing conventional 

management, limiting crossovers, and 

employing contemporary lung-protective 

ventilation strategies. EOLIA enrolled 249 

patients with very severe ARDS, defined by 

stringent criteria: PaO₂/FiO₂ ratio below 50 mm 

Hg for more than 3 hours, PaO₂/FiO₂ below 80 

mm Hg for more than 6 hours, or an arterial pH 

below 7.25 with PaCO₂ above 60 mm Hg for 

more than 6 hours, despite optimization of 

ventilation including prone positioning, 

neuromuscular blockade, and recruitment 

maneuvers. The primary outcome was 60-day 

all-cause mortality. In the primary analysis, 60-

day mortality reached 35% in the ECMO group 

versus 46% in the control group (relative risk 

0.76; 95% CI, 0.55–1.04; p = 0.09). Although 

the p-value did not reach the conventional 

threshold for statistical significance (p < 0.05), 

a high crossover rate (28% of patients in the 

control group crossed over to ECMO for 

refractory hypoxemia or respiratory acidosis) 

likely attenuated the observed treatment effect, 

a phenomenon known as "contamination" of the 

control arm.[10] A post-hoc Bayesian 

reanalysis of EOLIA data suggested a high 

probability (approaching 90–99%) of ECMO-

associated mortality benefit under reasonable 

prior assumptions, and a patient-level meta-

analysis combining CESAR and EOLIA data 

demonstrated a significant mortality reduction 

with ECMO (relative risk 0.75; 95% CI, 0.60–

0.93; p = 0.008). The outcome trend thus 

favored early ECMO use, despite the study's 

limited power to confirm statistical significance 

due to premature termination after a pre-

planned futility analysis. 

COVID-19 Era Data Reinforce 

Extracorporeal Membrane Oxygenation in 

Acute Respiratory Distress Syndrome 

The COVID-19 pandemic, caused by the 

SARS-CoV-2 virus, produced an 

unprecedented global surge in ARDS cases, 

generating large-scale, real-world data that 

have expanded understanding of ECMO's role 

in viral respiratory failure. Observational 
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registries, including the Extracorporeal Life 

Support Organization (ELSO) Registry, 

provided insights into outcomes, evolving 

clinical practices, patient selection criteria, and 

the impact of health system capacity strain. A 

2022 meta-analysis synthesizing data from 

18,211 COVID-19 patients supported with 

ECMO across multiple observational studies 

reported a pooled in-hospital or 90-day 

mortality of 48.8% (95% CI, 44.8%–

52.9%).[11] Notably, mortality appeared to rise 

over the course of the pandemic, potentially 

reflecting changes in patient selection (e.g., 

older patients, more comorbidities), delays in 

treatment initiation due to resource constraints, 

or center strain (overwhelmed intensive care 

units, staffing shortages, reduced ECMO 

expertise). These findings emphasize the 

critical importance of timely ECMO 

initiation—ideally within the first 24–48 hours 

of meeting criteria—and highlight the influence 

of institutional experience, case volume, and 

system-level factors on patient outcomes. The 

COVID-19 experience also underscored the 

feasibility of ECMO deployment during public 

health emergencies, albeit with careful 

attention to resource allocation, triage 

principles, and workforce protection. 

Ongoing Trials and Future Directions 

While CESAR and EOLIA centered 

predominantly on ARDS of diverse etiologies, 

emerging observational studies and registry 

data are examining ECMO use in broader 

clinical contexts, including COVID-19-

associated respiratory failure (now extensively 

characterized), trauma-related ARDS (e.g., 

pulmonary contusion, blast injury), inhalational 

injury (e.g., smoke inhalation, chemical 

pneumonitis), and immunocompromised hosts 

(e.g., stem cell transplant recipients with viral 

pneumonia). Several important knowledge gaps 

remain. Future randomized trials are necessary 

to refine patient selection criteria (e.g., using 

biomarkers such as plasma IL-6, soluble 

RAGE, or angiopoietin-2 to identify those most 

likely to respond), identify optimal timing for 

ECMO initiation (early vs. late rescue), 

determine the role of ECMO in patients with 

less severe hypoxemia but significant VILI risk, 

evaluate the comparative effectiveness of 

different cannulation strategies (dual-lumen vs. 

multi-site), and assess long-term functional, 

cognitive, and psychological outcomes across 

diverse patient populations. Additionally, the 

role of "ECMO for all" versus "ECMO for 

selected subphenotypes" remains an active area 

of investigation, with emerging data suggesting 

that the host inflammatory response 
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(hyperinflammatory vs. hypoinflammatory 

ARDS) may predict differential response to 

extracorporeal support. 

Prognosis 

Refractory hypoxemia carries a high risk of 

mortality, particularly when it remains 

unresponsive to conventional therapies, 

including lung-protective ventilation, prone 

positioning, neuromuscular blockade, and 

inhaled pulmonary vasodilators. Historical data 

from the pre-ECMO era indicate that, in the 

most severely affected patient subset—those 

with PaO₂/FiO₂ ratios below 50 mm Hg despite 

optimal support—mortality may approach 80% 

to 90% without rescue therapy. However, 

outcomes improve significantly with early 

recognition of refractory hypoxemia, timely 

implementation of rescue therapies, and, 

crucially, deployment of extracorporeal support 

in high-volume centers with established ECMO 

expertise and multidisciplinary team 

infrastructure. The relationship between center 

volume and outcome is well documented: 

patients treated at centers performing more than 

30 ECMO cases annually have significantly 

lower mortality than those treated at lower-

volume centers, likely reflecting accumulated 

technical proficiency, protocolized care, and 

robust complication management. 

Evidence from the pivotal trials supports 

ECMO use in selected patients with severe 

hypoxemia. In the CESAR trial, 63% of 

patients assigned to the ECMO referral arm 

survived to 6 months without severe disability, 

compared to 47% in the conventional treatment 

group, yielding an absolute risk reduction of 

16% and a number needed to treat (NNT) of 

approximately 6 patients to prevent one death 

or severe disability.[12] The EOLIA trial 

showed a trend toward reduced mortality with 

early ECMO initiation (35% vs. 46%), and 

subsequent Bayesian and meta-analytic 

reanalyses confirmed a statistically significant 

survival benefit. Pooled data from both trials 

suggest that ECMO reduces mortality by 

approximately 20–25% relative to conventional 

therapy in patients with very severe ARDS. 

Multiple interrelated factors influence 

prognosis, and understanding these prognostic 

determinants is essential for appropriate patient 

selection and family counseling. Key factors 

include: (1) the timing of ECMO initiation 

(earlier, preemptive deployment before the 

development of multiple organ failure appears 

superior to delayed "salvage" ECMO); (2) the 

underlying cause of respiratory failure (e.g., 

viral pneumonia may have higher reversibility 

than fibroproliferative ARDS); (3) comorbid 
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conditions (chronic lung disease, 

immunosuppression, cirrhosis, and chronic 

kidney disease all worsen outcomes); (4) 

baseline functional status (pre-ECMO frailty 

and functional dependence predict poor 

recovery); (5) the experience and case volume 

of the treating center (high-volume centers 

achieve superior outcomes); (6) response to 

adjunctive therapies such as prone positioning 

and neuromuscular blockade (non-responders 

to prone positioning may still benefit from 

ECMO); and (7) the development of 

complications during ECMO (e.g., intracranial 

hemorrhage, ischemic stroke, major bleeding, 

circuit thrombosis, nosocomial infection). 

Beyond survival, long-term outcomes 

following ECMO are increasingly recognized 

as an important dimension of prognosis. 

Although survivors often require prolonged 

rehabilitation—including physical therapy, 

occupational therapy, speech-language 

pathology (for post-extubation dysphagia), and 

psychological support—many ultimately 

achieve full or near-full recovery. However, a 

significant proportion of survivors experience 

persistent impairments in the domains of 

physical function (ICU-acquired weakness, 

reduced exercise capacity), cognition (memory 

deficits, executive dysfunction, attention 

impairment), and mental health (post-traumatic 

stress disorder, anxiety, depression). These 

sequelae, collectively termed post-intensive 

care syndrome (PICS), are being increasingly 

recognized and systematically characterized, 

particularly among patients recovering from 

COVID-19-associated ARDS, where the 

incidence of cognitive and psychological 

sequelae appears to be substantial. These 

observations underscore the necessity of 

structured follow-up programs, rehabilitation 

services, and long-term outcome assessment for 

all patients who survive an episode of ECMO-

supported refractory hypoxemia. 

Complications 

Venovenous extracorporeal membrane 

oxygenation (VV ECMO) provides life-

sustaining support in refractory hypoxemia, yet 

it carries a substantial burden of significant 

risks that must be carefully weighed against 

potential benefits. These complications arise 

from four interrelated domains: the underlying 

critical illness itself (e.g., ARDS, sepsis, 

multiorgan dysfunction), the requisite systemic 

anticoagulation, the biomechanics of the 

extracorporeal circuit, and the prolonged 

intensive care unit (ICU) stay that ECMO 

support necessitates. Hemorrhagic 

complications occur in approximately 30% to 
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50% of patients and represent the most common 

category of adverse events, often directly 

attributable to the therapeutic anticoagulation 

required to maintain circuit patency. Bleeding 

may manifest at cannulation sites (local oozing 

or frank hemorrhage), surgical wounds (if any 

concurrent procedures have been performed), 

the gastrointestinal tract (ranging from occult 

blood loss to overt hemorrhagic shock), or, 

most devastatingly, within the intracranial 

space (intracerebral or subarachnoid 

hemorrhage). Management of anticoagulation-

related bleeding involves a structured, risk-

stratified approach: maintaining platelet counts 

above 50,000/μL via transfusion, reducing the 

target activated partial thromboplastin time 

(aPTT) or anti-Xa level, temporarily 

discontinuing heparin in the setting of major 

bleeding, and administering antifibrinolytic 

agents such as aminocaproic acid or tranexamic 

acid when clinically indicated and not 

contraindicated. In cases of heparin-induced 

bleeding refractory to these measures, 

protamine sulfate may be considered for 

heparin reversal, though this risks circuit 

thrombosis. 

Thrombosis remains a serious and paradoxical 

concern despite systemic anticoagulation. 

Thrombus formation may occur within the 

circuit components (oxygenator, centrifugal 

pump head, tubing, or cannulae) or within the 

patient's native vasculature (deep vein 

thrombosis, pulmonary embolism, or 

intracardiac thrombus). Circuit thrombosis can 

lead to oxygenator failure (manifesting as rising 

pre-oxygenator pressures, falling post-

oxygenator pressures, or visible clot), clinically 

significant embolism (dislodgement of 

thrombus into the pulmonary circulation via the 

return cannula), or stroke (in the presence of a 

patent foramen ovale or paradoxical 

embolization). Routine monitoring of pressure 

gradients across the oxygenator—an increase 

exceeding 30–40 mm Hg above baseline 

suggests progressive oxygenator thrombus—

and daily visual inspection of the circuit for 

visible clot are essential preventive measures. 

Oxygenator exchange, a high-risk procedure 

requiring temporary interruption of 

extracorporeal flow, may be necessary when 

thrombus compromises gas exchange or circuit 

integrity. Cannulation-related complications 

include vessel perforation (with retroperitoneal 

or mediastinal hemorrhage), arterial dissection 

(if the intended venous cannula inadvertently 

enters an artery), hematoma formation at the 

insertion site, and limb ischemia (particularly 

with large-bore femoral cannulation, which 
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may obstruct arterial flow). The risk of these 

mechanical complications is substantially 

increased during emergency cannulation or 

when cannula placement is performed without 

ultrasound or fluoroscopic guidance, 

underscoring the importance of elective, image-

guided cannulation whenever clinically 

feasible. 

Hemolysis, the mechanical destruction of 

erythrocytes, may occur due to excessively high 

pump speeds (generating shear stress), 

turbulent flow within the circuit (from sharp 

angles, stenoses, or cannula malposition), or 

thrombus-induced flow obstruction. Hemolysis 

releases free hemoglobin into the plasma, 

which can contribute to acute kidney injury (via 

hemoglobin cast nephropathy and direct tubular 

toxicity), progressive anemia (exacerbating 

oxygen delivery limitations), and 

hyperbilirubinemia. Monitoring for hemolysis 

includes serial measurement of plasma-free 

hemoglobin, lactate dehydrogenase (LDH, 

elevated), haptoglobin (depleted), and bilirubin 

(indirect fraction). Management involves 

reducing pump speed if possible, optimizing 

circuit geometry, and, in severe cases, circuit 

exchange. Infection risk increases 

progressively with the duration of ECMO 

support, as the indwelling cannulae and circuit 

provide a nidus for microbial colonization. 

Bloodstream infections (BSIs), particularly 

those caused by Gram-positive organisms 

(coagulase-negative staphylococci, 

Staphylococcus aureus) and Candida species, 

are most common, followed by ventilator-

associated pneumonia (VAP) due to prolonged 

mechanical ventilation. Strict adherence to 

aseptic technique during cannulation, daily 

catheter site inspection and care, and 

minimization of circuit disruptions are essential 

preventive measures. Mechanical failure, such 

as pump malfunction, oxygenator clot or 

plasma leakage, or circuit rupture, necessitates 

immediate troubleshooting and may require 

emergent circuit replacement—a procedure that 

demands coordinated team action, rapid 

availability of a primed backup circuit, and 

meticulous attention to air embolism 

prevention. 

Neurologic injury may result from multiple 

synergistic mechanisms: profound hypoxemia 

prior to ECMO initiation (hypoxic-ischemic 

brain injury), embolic events (thrombotic, air, 

or atheromatous emboli originating from the 

circuit or cardiac chambers), or intracranial 

hemorrhage (from anticoagulation and platelet 

dysfunction). These insults can lead to ischemic 

or hemorrhagic stroke, diffuse anoxic brain 
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injury, or seizures. Neuromonitoring in the 

ECMO patient is often constrained by the 

patient’s critical hemodynamic and respiratory 

status, as well as equipment limitations (e.g., 

magnetic resonance imaging may be 

contraindicated due to ferromagnetic circuit 

components). Bedside neuromonitoring relies 

on serial neurologic examinations (though 

confounded by sedation and neuromuscular 

blockade), electroencephalography (for seizure 

detection), and transcranial Doppler (for emboli 

detection). Computed tomography of the head, 

using radiation-portable techniques when 

necessary, remains the primary imaging 

modality for detecting large intracranial 

hemorrhages. A thorough understanding of 

these complications—their incidence, risk 

factors, early warning signs, and management 

strategies—is vital for early recognition, 

prevention, and coordinated, interprofessional 

management. 

Deterrence and Patient Education 

Preventing the onset of acute respiratory 

distress syndrome and recognizing early signs 

of respiratory decline are essential strategies for 

reducing the incidence of refractory 

hypoxemia. Several evidence-based 

interventions can mitigate risk in vulnerable 

patient populations, particularly those with 

known risk factors such as sepsis, pneumonia, 

trauma, or aspiration. Lung-protective 

ventilation, using low tidal volumes of 4 to 6 

mL/kg of predicted body weight and limiting 

plateau pressures to 30 cm H₂O or less, 

minimizes ventilator-induced lung injury 

(VILI) in patients at risk of developing 

ARDS—even before formal ARDS criteria are 

met. This approach, extrapolated from the 

landmark ARDS Network trial, represents a 

fundamental paradigm shift from traditional 

"normal" tidal volumes (10–12 mL/kg) to a 

strategy that prioritizes prevention of alveolar 

overdistention and cyclic atelectasis. Aspiration 

precautions are particularly important in 

sedated, intubated, or neurologically impaired 

individuals. Elevating the head of the bed to 

30–45 degrees, minimizing unnecessary 

sedation to preserve airway protective reflexes, 

and ensuring timely placement of enteral 

feeding tubes (post-pyloric in high-risk 

patients) substantially reduce aspiration risk 

and the subsequent development of aspiration 

pneumonitis or pneumonia. 

Conservative fluid management, as exemplified 

by the Fluid and Catheter Treatment Trial 

(FACTT), helps prevent pulmonary edema, 

especially in patients with evolving lung injury. 

Early deresuscitation—the active removal of 
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accumulated fluid using diuretics or renal 

replacement therapy—may help maintain 

oxygenation without exacerbating 

ventilation/perfusion mismatch or increasing 

extravascular lung water. Preventing and 

promptly treating sepsis through early 

recognition, appropriate antimicrobial therapy, 

source control, and hemodynamic support 

limits systemic inflammation and secondary 

lung injury; the host inflammatory response to 

infection is a powerful driver of endothelial 

injury and alveolar capillary leak. Judicious use 

of blood products—adhering to restrictive 

transfusion thresholds (hemoglobin < 7 g/dL in 

most stable ICU patients) and avoiding 

unnecessary plasma or platelet transfusions—

also reduces the risk of transfusion-related 

acute lung injury (TRALI) and associated pro-

inflammatory responses that can precipitate or 

worsen ARDS. 

Proactive, empathic communication with 

patients and families is crucial for those at risk 

of deterioration from pneumonia, trauma, or 

sepsis. Early discussions should address goals 

of care, clarify patient values and preferences, 

and explain the potential need for escalating 

interventions—including noninvasive 

ventilation, invasive mechanical ventilation, or 

ECMO—if the clinical course worsens. Setting 

realistic expectations regarding potential 

complications (bleeding, thrombosis, infection, 

neurologic injury), anticipated outcomes 

(including the possibility of death or prolonged 

disability), and the typical trajectory of 

recovery (weeks to months of ICU and 

rehabilitation) fosters informed, shared 

decision-making. Emphasizing prevention, 

timely intervention, and clear, transparent 

communication improves outcomes and 

supports patients and families throughout the 

protracted course of critical illness. 

Pearls and Other Issues 

Managing refractory hypoxemia requires 

prompt identification, strategic decision-

making under uncertainty, and seamless 

interprofessional coordination. The following 

clinical pearls, derived from evidence synthesis 

and expert consensus, highlight essential 

principles for early intervention and effective 

escalation to ECMO: 

Early recognition and escalation are 

essential. Timely identification of worsening 

oxygenation—using objective metrics such as 

the PaO₂/FiO₂ ratio, oxygenation index, or 

SpO₂/FiO₂ ratio—and failure to respond to 

conventional measures (e.g., PEEP 

optimization, prone positioning) improves the 
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likelihood of successful rescue intervention. 

Delayed initiation of proning, neuromuscular 

blockade, or ECMO is consistently associated 

with worse outcomes, including higher 

mortality and increased complication rates. 

ECMO timing influences survival. The 

greatest survival benefit is observed when 

ECMO is initiated within 7 days of mechanical 

ventilation in eligible patients with severe 

ARDS. Initiation beyond 7–10 days is 

associated with higher mortality, likely 

reflecting progression to fibroproliferative lung 

injury, irreversible multiorgan failure, or both. 

Not all refractory hypoxemia results from 

ARDS. Alternative or coexisting diagnoses—

such as massive pulmonary embolism, 

intracardiac shunting (e.g., patent foramen 

ovale with right-to-left flow), hepatopulmonary 

syndrome, or severe pulmonary hypertension—

should be systematically considered when 

patients do not respond as expected to standard 

ARDS therapies. A targeted diagnostic 

evaluation, including echocardiography with 

agitated saline contrast, is warranted in such 

cases. 

Early referral to ECMO-capable centers 

should occur. Prompt transfer for evaluation 

and possible cannulation may be lifesaving 

when local expertise or resources are 

insufficient to manage refractory hypoxemia. 

Coordination with specialized transport teams 

(including mobile ECMO retrieval), receiving 

surgical services, and ECMO specialists is 

critical to ensuring safe, timely transfer. 

Center experience influences 

outcomes. Higher success rates—reflected in 

lower mortality, fewer complications, and 

shorter durations of support—are consistently 

reported in centers with established ECMO 

protocols, dedicated multidisciplinary teams, 

and greater procedural volume (typically >30 

ECMO cases per year). Institutional 

proficiency correlates directly with reduced 

complications and improved survival. 

Oxygenation alone is not the primary 

endpoint. Increases in PaO₂ or peripheral 

capillary oxygen saturation (SpO₂) do not 

reliably reflect improved prognosis, 

particularly when achieved at the cost of higher 

ventilator pressures, excessive sedation, or 

prolonged neuromuscular blockade. Treatment 

goals should prioritize lung protection 

(minimizing VILI), systemic organ support 

(maintaining adequate oxygen delivery, not just 

normoxemia), and the overall trajectory of 

recovery. 
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Communication and coordination drive 

success. High-risk interventions such as prone 

positioning, NMB, and ECMO require 

structured, hierarchical collaboration among 

intensivists, nurses, respiratory therapists, 

perfusionists, surgeons, and transport 

personnel. Early planning, preprocedural 

briefings, and clearly defined roles enhance 

execution and reduce preventable errors. 

Prognosis depends on patient-specific and 

contextual factors. Age, pre-existing 

comorbidities (particularly chronic lung 

disease, immunosuppression, cirrhosis), 

duration of mechanical ventilation prior to 

ECMO, and overall clinical trajectory 

(including severity of multiorgan failure) 

profoundly influence outcomes. ECMO should 

be considered for patients with a realistic 

chance of recovery to an acceptable quality of 

life, not as an indiscriminate salvage therapy. 

These clinical insights reinforce the importance 

of rigorous patient selection, precise timing, 

and flawless interprofessional execution in 

treating refractory hypoxemia. Proactive 

communication with families and early, 

iterative discussions about prognosis and goals 

of care are likewise essential to aligning 

treatment with patient values and avoiding 

therapeutic futility. 

Team Outcomes 

Managing refractory hypoxemia requires an 

integrated, interprofessional approach that 

transcends traditional disciplinary silos. 

Fragmented care, delayed coordination, or 

ambiguous role definition can lead to missed 

opportunities for early intervention, increased 

complications, prolonged ICU stays, and poorer 

patient outcomes. Teams that prioritize clear 

communication, anticipatory planning, and 

well-defined clinical roles consistently deliver 

safer, more effective care, particularly when 

implementing high-risk, logistically complex 

therapies such as prone positioning, 

neuromuscular blockade, or VV ECMO. 

Intensivists and pulmonologists serve as the 

clinical leads, directing diagnostic evaluation, 

initiating and escalating rescue therapies, 

assessing ECMO eligibility using established 

criteria, and coordinating the complex, often 

parallel management of refractory hypoxemia 

and its complications. Bedside nurses and 

respiratory therapists are central to the 

execution of care: they implement proning 

protocols (requiring 3–5 staff members for safe 

patient rotation), adjust ventilator settings in 

response to changing physiology, manage 

sedation and neuromuscular blockade 

infusions, provide continuous bedside 
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assessment for complications, and serve as the 

first line of defense in recognizing circuit or 

patient deterioration. Surgeons (cardiothoracic 

or vascular) and ECMO specialists perform 

cannulation—often under ultrasound or 

fluoroscopic guidance—manage circuit-related 

mechanical issues (e.g., oxygenator exchange, 

cannula repositioning), and guide 

anticoagulation strategies in close collaboration 

with perfusionists, bedside nurses, and clinical 

pharmacists. 

Critical care transport teams, including 

specialized ground or air medical crews, 

facilitate safe interhospital transfer to ECMO-

capable centers, often under mobile ECMO 

support or complex ventilator management 

conditions. Transport requires meticulous 

planning, redundant equipment, and ongoing 

communication between referring and 

receiving teams. Pharmacists oversee sedation, 

anticoagulation (including heparin dosing, 

monitoring, and reversal), and antimicrobial 

regimens, accounting for the altered 

pharmacokinetics and pharmacodynamics that 

accompany critical illness and ECMO (e.g., 

increased volume of distribution, altered drug 

binding, sequestration within the circuit). 

Physical and occupational therapists support 

early mobility and functional recovery, even in 

patients receiving mechanical ventilation or 

ECMO, through structured rehabilitation 

protocols that have been shown to improve 

long-term functional outcomes. Ethics 

consultants and palliative care specialists help 

navigate complex, value-laden decisions; 

facilitate family meetings; clarify goals of care; 

and provide emotional and spiritual support 

when the prognosis is uncertain or prolonged 

intensive care is anticipated. 

Structured communication tools—including 

standardized handoffs (e.g., SBAR: Situation, 

Background, Assessment, Recommendation), 

daily interprofessional rounds with shared 

mental modeling, and preprocedure briefings—

enhance situational awareness and reduce 

preventable harm. Quality improvement tools 

such as checklists (e.g., for cannulation, daily 

patient safety rounds, circuit change), closed-

loop communication (confirming receipt and 

understanding of critical information), and 

shared decision-making frameworks reinforce 

team coordination and align care with patient 

and family values. Importantly, improved 

oxygenation does not guarantee improved 

outcomes. The Acute Respiratory Distress 

Syndrome Network (ARDSNet) trial famously 

demonstrated better oxygenation with high tidal 

volumes (12 mL/kg) but at the cost of 
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significantly increased mortality compared to 

low tidal volumes (6 mL/kg)—a powerful 

reminder that physiological intermediate 

endpoints (e.g., PaO₂) must not be mistaken for 

patient-centered outcomes (e.g., survival, 

functional recovery). Refractory hypoxemia 

management must therefore rely not only on 

advanced technology and procedural expertise 

but equally on coordinated interprofessional 

collaboration, structured communication, and 

sustained vigilance across the entire healthcare 

team. 

Conclusion 

Refractory hypoxemia in the setting of acute 

respiratory distress syndrome represents one of 

the most formidable challenges in modern 

critical care medicine. When conventional 

mechanical ventilation, optimized through 

lung-protective strategies, prone positioning, 

neuromuscular blockade, and careful fluid 

management, proves insufficient—when the 

PaO₂/FiO₂ ratio sinks below 80 or the 

oxygenation index climbs above 40 despite 

maximal support—the clinician faces a stark 

choice: accept the trajectory toward progressive 

hypoxemic organ failure or escalate to rescue 

therapy. Venovenous extracorporeal membrane 

oxygenation offers that bridge. It is not, 

however, a panacea. It is a high-risk, high-

resource intervention that demands rigorous 

patient selection, precise timing, technical 

proficiency, and, above all, seamless 

interprofessional collaboration. 

The evidence, though imperfect, supports a 

meaningful survival benefit for VV ECMO in 

carefully selected patients with severe, 

refractory hypoxemia. The CESAR and EOLIA 

trials, when interpreted alongside Bayesian 

reanalyses and large-scale observational data 

from the COVID-19 pandemic, converge on a 

consistent signal: early ECMO, deployed 

within the first week of mechanical ventilation 

in high-volume centers, reduces mortality 

compared to continued conventional therapy. 

Yet the decision to initiate ECMO cannot be 

reduced to a checklist of physiological 

thresholds. It requires a nuanced, individualized 

assessment of reversibility, comorbidity 

burden, functional baseline, and, crucially, 

patient and family values. It requires 

acknowledging that survival, while the 

paramount goal, is not the only meaningful 

outcome; long-term cognitive, psychological, 

and physical recovery—the absence of 

debilitating post-intensive care syndrome—

matters profoundly. 

We have learned that improved oxygenation is 

not a surrogate for improved outcome. The 
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ARDS Network taught us, through the high-

tidal-volume arm, that one can raise the PaO₂ 

while simultaneously raising mortality. The 

goal of ECMO is therefore not simply to correct 

a number on a blood gas report but to create the 

physiological space in which the injured lung 

can heal, in which ventilator-induced lung 

injury is minimized, and in which systemic 

oxygen delivery is maintained without 

inflicting further harm. This is a subtle but 

essential distinction. 

For the practicing clinician, several principles 

endure. Recognize refractory hypoxemia early 

and escalate systematically. Consider 

alternative diagnoses—pulmonary embolism, 

intracardiac shunt—when the response to 

therapy is atypical. Refer promptly to an 

ECMO-capable center; time is lung, and lung is 

life. And perhaps most importantly, embrace 

the interprofessional team. No intensivist 

cannulates alone. No perfusionist manages the 

circuit in isolation. No nurse sustains the prone-

positioned, paralyzed, ECMO-dependent 

patient without the collective expertise of 

respiratory therapists, pharmacists, surgeons, 

and transport coordinators. Structured 

communication, shared mental models, and a 

culture of psychological safety are not abstract 

ideals; they are the infrastructure of safe, 

effective ECMO care. 

Looking forward, unanswered questions 

remain. Which ARDS subphenotypes—

hyperinflammatory versus 

hypoinflammatory—derive the greatest benefit 

from ECMO? What is the optimal timing and 

threshold for initiation? Can biomarkers guide 

patient selection? How do we best support the 

growing population of ECMO survivors 

through the protracted journey of 

rehabilitation? These questions demand 

rigorous, collaborative investigation. For now, 

the evidence supports a cautious but affirmative 

conclusion: for the patient with severe, 

refractory hypoxemia who is failing 

conventional therapy, who has a reversible 

cause and a reasonable chance of recovery, 

venovenous extracorporeal membrane 

oxygenation, delivered by an expert 

interprofessional team in a high-volume center, 

offers not just a prolongation of life but a 

genuine opportunity for meaningful survival. It 

is a privilege and a responsibility of our field to 

offer that opportunity wisely. 
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