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Pathophysiology and Management of ARDS in Children

Sabrina M Heidemann, MD1 [Professor], Alison Nair, MD2 [Clinical Instructor], Yonca Bulut, 
MD3 [Professor], Anil Sapru, MD, MAS2,3 [Associate Professor]
1.Department of Pediatrics, Wayne State University, Detroit, Michigan, USA

2.Department of Pediatrics, University of California, San Francisco, CA

3.Department of Pediatrics, David Geffen School of Medicine, University of California Los Angeles, 
CA

Synopsis

Acute respiratory distress syndrome (ARDS), is a syndrome of non cardiogenic pulmonary edema 
and hypoxia that accompanies up to 30% of deaths in pediatric intensive care units. Pediatric 

ARDS (PARDS) is diagnosed by the presence of hypoxia, defined by Oxygenation Index or 

PaO2/FiO2 ratio cutoffs, and new chest infiltrate occurring within 7 days of a known insult. The 

pulmonary edema in ARDS is caused by damage to the alveolar endothelial barrier in the setting 

of dysregulated inflammation and coagulation resulting in increased lung water and loss of aerated 

lung tissue. Clinical hallmarks of ARDS include hypoxemia and decreased lung compliance, 

increased work of breathing and impaired gas exchange. Mortality is accompanied by multiple 

organ failure in most cases. Although many modalities to treat PARDS have been investigated, 

supportive therapies and lung protective ventilator support remain the mainstay of treatment.
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Key Points

1. ARDS is a clinical syndrome of non-cardiogenic pulmonary edema characterized 

by hypoxemia, radiographic infiltrate(s), decreased functional residual capacity 

and decreased lung compliance.
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2. The hallmark of pathophysiology in ARDS is the loss of the alveolar 

epithelial-endothelial barrier function in the setting of dysregulated inflammation 

and coagulation pathways complicated by concurrent loss of surfactant and 

impairment of lymphatic drainage.

3. The mainstay of management is support, including lung-protective mechanical 

ventilation, careful attention to fluid management, treatment of underlying 

condition including use of appropriate antibiotics, and general supportive care. 

While a number of therapeutic strategies have been tested in ARDS, use of 

lung protective ventilation is the only universally accepted strategy to decrease 

mortality. Use of neuromuscular blockade and prone positioning has been shown 

to lead to decreased mortality among adults with severe ARDS.

Introduction

Acute respiratory distress syndrome (ARDS) is essentially a clinical syndrome of non-

cardiogenic pulmonary edema and hypoxia that contributes to significant morbidity and 

mortality1, 2. Initially ARDS was described as “adult” respiratory distress syndrome to 

differentiate it from infant respiratory distress syndrome 3. This name was later modified to 

acute respiratory distress syndrome in recognition of the fact that both adults and children 

develop ARDS 1,4. Lung development increases linearly with age and height until the 

adolescent growth spurt at 10 years in females and 12 years in males. Therefore, there are 

significant differences between adult and child ARDS pathophysiology due to remodeling, 

growth of the lung parenchyma and progressive maturation of immune system 5, 6.

The traditional American-European Consensus Conference (AECC) definition proposed in 

1994, classified mild ARDS as acute lung injury (ALI). ALI/ARDS was defined as acute 

onset of severe hypoxia (ratio of the partial pressure of arterial oxygen to the fraction of 

inspired oxygen or P/F ratio < 300 for ALI and < 200 for ARDS) with bilateral opacities 

on chest x-ray in the absence of clinical evidence of left ventricular failure.7 In 2012, a 

panel of experts developed the Berlin definition which replaced the AECC definition and 

included several significant changes, specifically 1) ALI was eliminated and replaced with 

mild, moderate, and severe ARDS defined by a P/F ratio of 200-300, 100-200 or <100, 

respectively, 2) minimal ventilator settings of a positive-end expiratory pressure (PEEP) of 

≥ 5 cmH20 was required, and 3) reference to the pulmonary capillary wedge pressure was 

removed.8 9

The current definition of pediatric acute respiratory distress syndrome (PARDS) proposed 

by the Pediatric Acute Lung Injury Consensus Conferences group (PALICC) followed in 

2015. 10, 11 PARDS is now diagnosed by the presence of hypoxia in the context of a new 

lung infiltrate occurring within 7 days of a known insult. Hypoxia is defined as oxygenation 

index (OI, determined by the mean airway pressure divided by P/F ratio) of 4-8 (mild), 

8-16 (moderate), or >16 (severe) for ventilated patients while on PEEP of ≥ 5 cm H20) 

or the Berlin definition P/F ratio cutoffs in non-ventilated patients.11 Although there is no 

age limit in PARDS, the definition excludes patients with perinatal-related lung disease. It 

allows use of pulse oximetry oxygen saturation to calculate the S/F ratio when PaO2 is not 
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available. Both the use of OI (or OSI when PaO2 is not available) to define hypoxia and the 

requirement for radiographic evidence of any new infiltrate are major departures from the 

Berlin definition used in adults.

A population-based study estimated an annual incidence of ARDS of 12.8 cases per 100,000 

persons in Olmsted County in Washington. Severe sepsis (with pneumonia as the infection 

focus) was the most common risk factor. Reported estimates for prevalence of ARDS in 

single center studies ranges range from 1 to 10%. 12 A multi-national point prevalence study 

of PARDS conducted by the Pediatric Acute Lung Injury and Sepsis Investigators (PALISI) 

is currently ongoing. The overall reported mortality from PARDS varies from 18 to 22%%, 

but it is estimated to accompany up to 30% of all pediatric intensive care unit deaths.13 

Although many modalities to treat PARDS have been investigated over the last decade, 

supportive therapies remain the mainstay of treatment.

Causes of ARDS

ARDS is associated with many different underlying clinical conditions including 

pneumonia, sepsis, trauma, burns, acute pancreatitis, aspiration, toxic inhalation, transfusion, 

and cardiopulmonary bypass surgery 14 12,10,12,13,15 (see Table 1). Although sepsis is the 

most common cause of ARDS for adults, the most common underlying condition for 

PARDS is viral respiratory infection.

Physiologic Basis and Consequences of Non-Cardiogenic Pulmonary 

Edema

The lung’s alveolar epithelial–capillary structure provides a large surface area for efficient 

gas exchange and is comprised of alveolar epithelium, capillary endothelium, and basement 

membranes. The alveolar epithelium is coated with a thin layer of alveolar wall liquid, 

which is necessary for dispersion of surfactant, transfer of gases, and host defense against 

inhaled pathogens. Integrity of this barrier is critical for gas exchange, and separation of 

the aqueous and gaseous compartments (Figure 1). 16,17. Disruption of the integrity of 

the pulmonary endothelium and alveolar epithelium lead to accumulation of protein-rich 

alveolar edema fluid.1,18 Cytokines (IL1, IL8, TNFα) and lipid mediators (leukotriene B4) 

are attracted to alveoli and, in response to these pro-inflammatory mediators, neutrophils 

are recruited into the pulmonary interstitium and alveoli. Presence of protein, fibrinogen and 

fibrin degradation products in the alveolar fluid result in surfactant degradation (Figure 2).1,2 

There is decreased functional residual capacity, increased dead space, reduced respiratory 

system compliance, and impaired gas exchange which leads to atelectasis and hypoxia. Loss 

of the epithelial barrier may also lead to sepsis in patients with bacterial pneumonia through 

creation of an open interface between the alveolar and circulating compartments. 1

Alveolar Epithelial Injury and Dysfunction

Alveolar epithelium is composed of two types of cells, flat alveolar type-I cells and 

cuboidal alveolar type-II cells, which make up 90 percent and 10% of the alveolar 

surface area respectively. Type-1 cells are large thin cells and they are the primary site 
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of gas exchange whereas type-II cells are more resistant to injury and are responsible for 

surfactant production, ion transport, and proliferation and differentiation to type I cells 

after injury.1 Type-II cells are responsible for the removal of excess alveolar fluid through 

sodium-dependent intracellular transport.

Direct alveolar epithelial injury (infections, inhalations, aspirations, mechanical ventilation, 

etc.) and indirect alveolar capillary injury (sepsis, trauma, transfusion, burns, pancreatitis, 

etc.) lead to breakdown of the barrier and decrease in the ability of alveolar epithelium to 

remove excess alveolar fluid.16,18,19 Decreased alveolar fluid clearance is associated with 

severity and worse clinical outcomes and increased mortality. Elevated plasma levels of 

surfactant protein D and the receptor for advance glycation end products (RAGE), markers 

of alveolar epithelial damage correlate with poor outcomes in patients with ARDS.20–23

Lung Endothelial Injury

Damage to pulmonary capillary endothelium activates inflammatory and coagulation 

cascades.24 There are multiple proteins along these cascades implicated in the pathogenesis 

of ARDS. Endothelial-specific proteins, such as von Willebrand factor and angiotensin 

converting enzyme activity correlate with ARDS mortality in children and adults.25–27 

Thrombomodulin is a trans-membrane protein found on surface of endothelial cells that 

facilitates the thrombin-mediated conversion of protein C to activated protein C and has 

roles in coagulation, fibrinolysis, and inflammation. It is highly expressed in pulmonary 

alveolar capillaries 28. Elevated soluble thrombomodulin levels are associated with organ 

dysfunction in PARDS and with higher mortality in children with indirect lung injury.28

Transfusions and ARDS

Over recent years the incidence of antibody-mediated transfusion-related acute lung injury 

(TRALI) as a risk factor for ARDS has declined due to changes in blood banking practice.29 

However, transfusion of RBCs is associated with an increased risk of developing ARDS 

in critically ill patients with sepsis.30 Cell free hemoglobin (CFH) levels are increased 

during sepsis and ARDS due to decreased levels of haptoglobulin, hemopexin and heme 

oxygenase-1 and reduced capacity to detoxify CFH 31. Increased CFH levels may lead 

to injury via peroxidation of lipid membranes and increased vascular permeability.32 In 

addition, massive transfusions can overwhelm the scavenging capacity of macrophages and 

lead to increased non-transferrin bound iron (NTBI) production that can promote both 

oxidative stress, as well as increase susceptibility to infections with siderophilic bacteria. 33

Inflammatory Dysfunction

Alveolar macrophages play a central role in orchestrating inflammation. When alveolar 

macrophages are activated, they recruit neutrophils and circulating macrophages to the 

alveoli. Neutrophils communicate between the vessel wall and platelets which results in 

endothelial injury and releases neutrophil extracellular traps (NETS), which may also cause 

damage to the lung 29,34,35.
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Inflammation mediated by the innate immune system in response to infectious agents 

or tissue damage is triggered by the presence of pathogen-associated molecular patterns 

and endogenous danger (or damage) associated molecular patterns.34,36–38 These patterns 

are recognized by pattern recognition receptors such as Toll-like receptors and cytosolic 

nucleotide-binding oligomerization domain like receptors (NLRs), which leads to increased 

expression of inflammatory cytokines and chemokines such as IL-1B, TNFα,IL-6, IL-8.37,38 

A number of human studies have demonstrated evidence for dysregulation of inflammatory 

pathways in ARDS and their association with outcome.39-41 A recent multicenter study of 

inflammatory pathways in pediatric ARDS identified a strong relationship between mortality 

and elevated plasma levels of both pro-inflammatory (IL-6, IL-8, IL-18, MIP-1β, TNF-α) 

and anti-inflammatory cytokines (IL-1RA, IL-10, and TNF-R2). These cytokines were 

associated with ARDS illness severity, including the P/F ratio, OI, pediatric risk of mortality 

score (PRISM-3), ICU morbidity, and biochemical evidence of endothelial injury, including 

elevated plasma angiopoietin 2 and soluble thrombomodulin. The addition of inflammatory 

cytokines to the OI improved risk-stratification in a heterogeneous ARDS population.42

Surfactant Dysfunction

One of the hallmarks of ARDS is a reduction surfactant expression and surfactant 

dysfunction. Surfactant is secreted into the alveolar space by type-II cells and its main 

function is to lower surface tension at the air-liquid interface of the alveoli. Surfactant 

contains 4 major proteins; surfactant protein B and C are responsible for lowering the 

surface tension, while surfactant protein A and D are important in innate and adaptive 

immune responses against pathogens. Surfactant proteins A, B, and D levels are low in the 

bronchoalveolar lavage fluid of adults with ARDS. Loss of surfactant leads to the decreased 

compliance and alveolar instability observed in ARDS, and which leads to atelectasis. 

Further, increased serum levels of these proteins in children and adults are associated with 

alveolar epithelial cell injury.43–46

Coagulation and Fibrinolysis Dysfunction

Inflammation and coagulation are critical host responses to infection and injury; however, 

in ARDS, there is a significant imbalance between coagulation and fibrinolysis. This 

favors fibrin formation. Microthrombi and pulmonary vascular injury occur early in ARDS. 

Stimuli such as hypoxia, cytokines and chemokines, and inflammatory mediators lead to 

activation of the endothelium. 27,47 Endothelial cells respond by shifting from their normal 

anti-thrombotic and anti-inflammatory phenotype to an “activated” state of endothelial 

“dysfunction”,48 characterized by pro-thrombotic and pro-adhesive properties. Key events 

in this transformation are the expression of adhesion molecules, tissue factor, 49 and von 

Willebrand factor.26 Furthermore, it appears that alveolar epithelium can up-regulate tissue 

factor in response to inflammatory stimuli.50 The pro-coagulant environment with ARDS is 

also due in part to the elevated plasminogen activator inhibitor-1 (PAI-1), and elevated PAI-1 

levels are associated with increased mortality in adults and children with ARDS. 51

Platelets can also contribute to lung injury in ARDS. Platelets can directly interact with 

neutrophils and monocytes, and are themselves a source of proinflammatory cytokines. 
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There is evidence that platelets can also alter the barrier function of alveolar capillaries, 

regulate pulmonary vascular permeability, and influence pulmonary vascular reactivity.52

Ventilator Induced Lung Injury in ARDS

Current treatment regimens for ARDS include oxygen therapy and mechanical ventilation.53 

Unfortunately, side effects of these treatments include exacerbation of lung injury by 

barotrauma, volutrauma, and propagation of lung inflammation. These changes are clinically 

recognized as ventilator-induced lung injury.54 Over the past two decades, except for the 

introduction of low-tidal volume ventilation,55 few if any new therapeutic approaches 

have shown improvements in patient survival.56,57 Recently it has been proposed that 

stretch-activated ion channels, such as 2-pore-domain potassium channels, may play an 

important role in the development and propagation of low-tidal volume ventilation58 by 

regulating inflammatory mediator secretion, 59,60 epithelial cell detachment and cytoskeletal 

remodeling,61 and alveolar-capillary barrier function.57

Resolution of ARDS

Although ARDS causes extensive damage to lung tissue, it can fully resolve. However, 

restoring the balance of proinflammatory and anti-inflammatory responses is essential to 

prevent lung fibrosis. Repair of the epithelium is a complex process that appears to involve 

epithelial cell spreading, migration, proliferation and differentiation. Scar tissue is formed 

during healing to preserve alveolar integrity and prevent further alveolar edema. This 

fibrotic tissue is removed by matrix metalloproteinases, a family of enzymes that digest 

extracellular fibers.62 Matrix metalloproteinases are up-regulated during the repair process 

and appear to be involved in facilitating migration in the remodeling.63 The migration and 

proliferation of epithelial progenitor cells is also regulated by transforming growth factor 

alpha (TGFα), fibroblast growth factor, hepatocyte growth factor, and keratinocyte growth 

factor. Interestingly, there is also evidence of a multipotent mesenchymal stem cells that may 

be involved in repair of lung alveoli.64. There is an ongoing Phase II clinical trial to test the 

role of mesenchymal stem cells in ARDS in adults.

Mortality in ARDS

The overall mortality associated with PARDS is decreasing over time. The estimated 

mortality varies from 18 to 35%. Studies that include both invasively and noninvasively 

ventilated patients report 18-22% mortality whereas among studies limited to invasively 

ventilated patients mortality tends to be somewhat higher in the range of 26-35%.15,65 While 

the pooled mortality from several studies is about 30%, it is clear that children with certain 

comorbidities and immunodeficiency have worse outcomes.65 The majority of deaths in 

ARDS are attributable to sepsis or multi-organ dysfunction rather than primary respiratory 

causes. Multiple organ system dysfunction is the single most important independent clinical 

risk factor for mortality in children with only a minority of deaths attributable solely to lung 

failure and refractory hypoxemia. 1,65 Interestingly a combination of OI level and history 

of cancer/stem cell transplant predicts mortality as well as complex models incorporating 

measures of overall severity of illness and severity of lung injury.66
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Management of ARDS

Management of PARDS consists mainly of addressing gas exchange and work of 

breathing, providing nutrition, and providing general ICU supportive care, with the 

goal of treating the underlying cause of PARDS and minimizing iatrogenic harm. Most 

treatment recommendations in PARDS are based on extrapolated adult studies, small studies 

in pediatric populations, and the clinical expertise of bedside physicians. To promote 

optimization and consistency of care for children with PARDS, the Pediatric Acute Lung 

Injury Consensus Conference (PALICC) published treatment recommendations in 2015.10 

Despite advances in management treatment modalities, the clinical benefits and risks of 

these innovations remain mixed.10 In the following, we review current management, citing 

relevant adult and pediatric studies along with the published PALICC recommendations. 

Since ARDS is characterized by impaired gas exchange, support of oxygenation and 

ventilation with supplemental oxygen, noninvasive ventilation, and invasive mechanical 

ventilation are the cornerstone of PARDS therapy.

High Flow Nasal Cannula and Noninvasive Ventilation

In adults with ARDS, some studies have demonstrated worse mortality in patients treated 

with these non-invasive approaches.67–69 These poorer outcomes may be due to delay 

in initiation of lung-protective ventilation and tend to be more pronounced in patients 

with severe disease. Conversely, there may be benefit to limiting exposure of patients to 

invasive mechanical ventilation and its associated complications.14,70 A recent study in 

adult patients with acute hypoxemic respiratory failure (defined as a P/F ratio of ≤ 300) 

found those randomized to receive high flow nasal cannula oxygen had more ventilator-

free days at day 28 and a lower 90-day mortality than those randomized to facemask 

or noninvasive ventilation.71 A prospective randomized control trial (RCT) comparing 

noninvasive ventilation and standard oxygen therapy in children with respiratory failure 

after extubation showed no difference between groups.72 Finally, in a propensity score-

matched cohort study evaluating outcomes in children admitted to the ICU, those receiving 

noninvasive ventilation as first-line therapy had reduced mortality, length of ventilation, and 

length of ICU stay.73 Though the exact role of high flow nasal cannula and noninvasive 

ventilation in PARDS remains unknown, these studies suggest that in appropriately selected 

patient populations these approaches may be valuable. Ongoing assessment of patients 

and an early change to invasive mechanical ventilation among nonresponders are key to 

successful use of noninvasive ventilation.74

Invasive Mechanical Ventilation

Invasive mechanical ventilation strategies balance support of gas exchange with toxicity 

from volutrauma, barotrauma, and free-radical injury.55,74 In their landmark publication on 

lung-protective ventilation, the ARDS Network found a decrease in mortality with lower 

tidal volume ventilation (6 ml/kg of predicted body weight) compared to conventional 

ventilation volumes at that time (12 ml/kg of predicted body weight).55 Two subsequent 

meta-analyses in adult ARDS further supported that low-tidal volume ventilation reduced 

in-hospital mortality.75,76 Current recommendations in adults include lung-protective 
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ventilation with tidal volumes of less than 6ml/kg of estimated ideal body weight, limitation 

of plateau pressures < 30 cm H2O, and use of adequate PEEP.55,75,76 Given the strength 

of the adult ARDS data, standard PARDS therapy involves lung-protective ventilation as 

well. PALICC recommends tidal volumes of 3-6 mL/kg predicted body weight for patients 

with poor compliance and closer to physiologic range (5-8 mL/kg predicted body weight) 

for patients with preserved compliance.10 In addition, they suggest an inspiratory plateau 

pressure of < 28 cm H2O (29-32 cm H2O in those with increased chest wall elastance).10 

Permissive hypercapnia (pH of 7.15-7.30) may be used if necessary to limit further injury 

to the lung caused by potentially injurious ventilator pressure.74,77 A goal-directed strategy 

to minimize further lung injury also includes adjusting the supplemental oxygen to maintain 

saturations 92-97% for mild PARDS and 88-92% in those with PEEP of 10 cm H2O.74,77

Additional invasive ventilation considerations include how best to treat hypoxia with 

supplemental oxygen and PEEP. The goal of applied PEEP in PARDS is to maximize 

alveolar recruitment, provide optimal FRC, and prevent recruitment/decruitment cycles. 

When originally investigated by the ARDS Network, there was no difference in outcome 

between low PEEP strategies (range of 5 to 24 cmH2O) and high PEEP strategies (range 

of 12 to 24 cmH2O), so many centers favor a low PEEP strategy given the concern for 

barotrauma, pneumothoraces, and hemodynamic compromise that can be associated with 

high PEEP.78 However, subsequent studies in adult ARDS suggest a significantly reduced 

mortality with a high PEEP strategy in severe ARDS.79–81 Open lung ventilation is another 

emerging technique that combines low tidal-volume ventilation and setting a PEEP at least 

2 cm H2O above the lower inflection point of the patient’s pressure-volume curve. Small 

studies suggest a reduced mortality with this strategy.82,83 Neither high PEEP or open lung 

ventilation has been evaluated in PARDS. PALICC suggests PEEP should be 10-15 cm H2O 

with levels above 15 cm H2O used in severe PARDS with careful attention to inspiratory 

plateau pressures.10

High Frequency Oscillatory Ventilation

Despite its widespread clinical use, studies investigating outcomes in high-frequency 

oscillatory ventilation (HFOV) in ARDS have not shown any benefit in lung-protective 

ventilation. The OSCAR trial found no difference in mortality in those randomized to 

HFOV compared to conventional ventilation.84 A similar Canadian study was stopped due 

to futility and suggested a mortality increase in HFOV patient. 85 While there are no 

RCTs of HFOV dedicated to PARDS, two recent secondary analyses have shown tendency 

towards harm among children with PARDS managed by early HFOV.86,87 Most recently, 

a propensity score matched analysis evaluating sedation in children found early (within 48 

hours of intubation) initiation of HFOV to be associated with longer duration of mechanical 

ventilation, but no mortality difference when compared to late initiation or conventional 

ventilation.87

Inhaled Nitric Oxide

Use of inhaled nitric oxide (iNO) in ARDS became popular when Rossaint et al showed 

that it improved oxygenation.88 Subsequent studies, including three systematic reviews 
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with primarily adult patients, found no significant effect of iNO on mortality or number 

of ventilator-free days.89–91 Further, in some adults iNO may increase renal impairment, 

suggesting the benefits may not outweigh the risks in certain adult populations.91,92 Three 

RCTs have demonstrated an oxygenation benefit with iNO in PARDS,93–95 but this benefit 

is not sustained and does not lead to improved overall outcomes. The most notable was a 

multicenter trial which showed iNO improved oxygenation at 12 and 24 hours, but not at 

72 hours after initiation.94 In 2014, Bronicki et al published an RCT that showed iNO not 

only improved oxygenation at 12 hours, but also reduced duration of mechanical ventilation 

and increased ECMO-free survival.96 It should be noted that ECMO-free survival was not 

a primary endpoint, which leaves the true survival benefit of iNO still unresolved.96 While 

PALICC does not recommend routine use of iNO in PARDS, they do recommend use 

in severe cases or in cases complicated by pulmonary hypertension or severe right heart 

strain.10

Surfactant

Because there is surfactant deficiency and dysfunction in ARDS, exogenous surfactant could 

potentially be beneficial, particularly in early stages of lung injury.97 However, the literature 

on the use of surfactant has not been conclusive. Two studies of recombinant surfactant 

protein in ARDS yielded improvement in oxygenation, but no effect on survival.98,99 A 

post-hoc analysis of this study suggested patients with severe ARDS from pneumonia or 

aspiration had an improvement in 28-day survival with surfactant administration;99 however, 

a follow-up study in this patient population was halted for futility and demonstrated no 

significant benefit in mortality, oxygenation, or ventilator-free days.100

Several studies have shown surfactant improves lung function, oxygenation and gas 

exchange.101–103 The most notable was a multicenter RCT conducted by PALISI which 

demonstrated an overall mortality benefit after early surfactant administration.100 Of note, 

this was the first trial for which a post-hoc analysis suggested benefit in direct lung 

injury. However, one of the major limitations of this trial was a greater proportion of 

immunocompromised patients in the control group leading to a higher than expected 

mortality.101 Another recent international, multicenter RCT on the use of lucinactant in 

infants with early PARDS demonstrated no significant reduction in ventilator-free days or 

mortality.104 Further, a 2013 study focused on PARDS secondary to direct lung injury was 

halted for futility, finding no significant difference in oxygenation, ventilator-free days, 

or 90-day mortality with surfactant administration.105 PALICC does not recommend the 

routine use of surfactant in PARDS.10

Fluid Management

In addition to disrupting gas exchange, PARDS leads to fluid overload and to a 

proinflammatory response by the endothelium due to increasing intravascular pressure. 

Interstitial edema is a frequent complication.106,107 In the FACTT trial published in 

2006, an even fluid balance over the first seven days of mechanical ventilation improved 

lung function, shortened duration of mechanical ventilation, and shortened duration of 

ICU stay.108 There was no significant difference in 60-day mortality and no increase in 
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nonpulmonary-organ failures between conservative and liberal fluid management.108 More 

recent adult ARDS literature suggests that early treatment with hemofiltration not only 

reduces overall lung water and improves cardiac function but also may reduce cytokine 

levels and systemic inflammation.109

Of the four studies to investigate fluid balance in PARDS, three have demonstrated an 

association between fluid balance and mortality. Specifically: 1) Flori, et al demonstrated 

an association between cumulative fluid balance and pediatric ICU mortality:110 2) Wilson 

et al showed an association between cumulative fluid balance and mortality within the first 

week of illnes;111 and 3) Hu et al found a daily fluid balance of ≤ 10 ml/kg/day was 

associated with lower mortality in patients with acute hypoxemic respiratory failure.112 

Lower cumulative fluid balance was also found to increase ventilator-free days.110,111,113 

Current PALICC consensus suggests that, after initial fluid resuscitation, goal-directed fluid 

management should be used in order to maintain adequate intravascular volume while 

aiming to prevent a positive fluid balance.10

Nutrition

In general, critically ill children have reduced mortality when enteral nutrition is started 

within 48 hours of their admission.114 Further, emerging research suggests a role for gut 

dysfunction in pathogenesis of ARDS.114 The EDEN study, which attempted to address 

the optimal amount of enteral nutrition in ARDS found that, compared to full enteral 

feeding, a strategy of initial trophic enteral feeding for up to 6 days did not improve 

ventilator free days, 60-day mortality, or infectious complications, but was associated 

with less gastrointestinal intolerance.115 Trials investigating omega-3 fatty acid-enriched 

lipid emulsion found them to be clinically safe and to modulate eicosanoid values, which 

may have important immunomodulatory implications.116,117 Overall, the area of optimal 

nutrition is a burgeoning field within ARDS research. PALICC stresses the importance 

of nutrition, preferably enteral, in maintaining growth, meeting metabolic needs, and 

facilitating recovery.10

Prevention of Inflammation

Inflammation plays a key role in the pathophysiology of PARDS both in the lungs and 

systemically. Corticosteroids are used in 20-60% of patients with PARDS, though evaluating 

this use is confounded by indications including peri-extubation airway management, shock, 

and hypercytokinemia.118–120 Despite the prevalence of corticosteroid use, a definitive role 

for these drugs in PARDS has not been established. In two adult ARDS meta-analyses, there 

is a suggestion of reduced mortality and increased ventilator-free days when steroids are 

initiated at onset ARDS.121,122 In the pediatric population, data consists of small studies 

with wide variability in timing, duration, dose, and type of corticosteroids used.120 In a 

recent RCT of low-dose methylprednisolone infusion in PARDS, there was no difference 

in length of mechanical ventilation, duration of ICU stay, duration of hospitalization, or 

mortality between intervention and control groups.123 However, a single-center prospective 

observational study found corticosteroid exposure for more than 24 hours and cumulative 

corticosteroid dose were both independently associated with fewer ventilator-free days 

Heidemann et al. Page 10

Pediatr Clin North Am. Author manuscript; available in PMC 2022 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at 28 days and a shorter overall duration of ventilation.118 Due to this inconsistency, 

the recent PALICC recommendations state that corticosteroids cannot be recommended 

as part of routine therapy.10,124 That said, systemic steroids may benefit ARDS patients 

with certain co-morbidities including bronchopulmonary dysplasia, reactive airway disease, 

pneumonia in general, and pneumocystis pneumonia. Much more study of these indications 

is warranted.

Inflammatory pathways provide an ongoing target for novel therapies in the treatment 

of PARDS. Possible alternatives to systemic corticosteroids currently being investigated 

include: 1) inhaled corticosteroids which improve dynamic lung compliance, improve 

oxygenation, and decrease local inflammation;125,126 2) angiotensin II, which induces NF-

kB gene expression and blocks the renin-angiotensin axis127, 3) peroxisome proliferator 

receptor agonists which negatively control proinflammatory gene expression;128 and 4) 

hypoxia-inducible factor-1a (HIF1a), which inhibits the proteasome and induces anti-

inflammatory effects.129,130

Prone Positioning

Prone positioning improves oxygenation in ARDS, likely through a combination of 

improved lung ventilation-perfusion matching, recruitment of lower-lobe atelectasis, reduced 

ventilator-induced lung injury due to maintenance of open lung units, improved secretion 

clearance, and improved right ventricular dysfunction.54,131 The Supine-Prone Study Group 

was among the first to demonstrate improved oxygenation in adult ARDS patients.114,132 

However, improvement in oxygenation in this study and several others that followed did not 

translate into a mortality benefit for the general ARDS population.133–137

In the pediatric population, a RCT investigating prone position in PARDS was halted early 

for futility.138 Like previous adult studies, despite improved oxygenation this investigation 

demonstrated no significant benefit of prone positioning on ventilator-free days or 28-day 

mortality.138 However, the mortality rate in the control group was unusually low at 8% 

suggesting the true utility of prone positioning in PARDS may still be unknown.138 Guerin 

et al found a 28-day and 90-day mortality benefit in patients with moderated to severe 

ARDS who were placed prone more than 16 hours per day.139 The difference between 

this outcome and that of previous studies is likely due to targeting children with more 

severe ARDS, longer time periods spent prone, and improved expertise in the prone position 

procedure. Lack of expertise in prone positioning, the potential for complications, and 

uncertainty as to which population most benefits from this therapy has led to variability 

in the adoption of prone positioning for PARDS.54,133 PALICC currently recommends 

consideration of prone positioning in severe cases of PARDS.10

Sedation and Neuromuscular Blockade

Deep sedation and neuromuscular blockade (NMB) likely benefits ARDS patients by 

limiting: 1) lung injury arising from ventilator-patient asynchrony; 2) expiratory muscle 

function which can cause collapse and derecruitment; and 3) the potential release of 

inflammatory cytokines.54 A multicenter RCT in adults with moderate to severe ARDS 
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(specifically patients with a P/F ratio <150) found lower adjusted 90-day in-hospital 

mortality and increased ventilator-free days in patients with NMB and deep sedation 

compared to deep sedation alone.140 Currently, a multicenter study is being conducted 

by the NHLBI-funded PETAL network to assess the benefits and risks of NMB. There 

have been no studies investigating the effects of sedation and NMB in PARDS. PALICC 

recommends the use of NMB at the minimum effective dose in patients who are unable 

to achieve effective mechanical ventilation with sedation alone.10 Further, they recommend 

close monitoring, titration, and consideration of a daily NMB holiday in patients in which 

full chemical paralysis is used.10

Extracorporeal life support

Extracorporeal life support (ECLS) is likely beneficial in PARDS because it limits the 

volutrauma, barotrauma, and oxygen toxicity associated with mechanical ventilation. 141,142 

The CESAR trial showing a survival benefit for adult patients with respiratory failure 

randomized to receive care in ECLS centers. ECLS is now an important therapeutic option 

for adult ARDS.143

The proper timing of initiation ECLS in respiratory failure is not defined and must 

balance the potential benefit of lung rest against morbidities associated with ECLS. Several 

observational adult ARDS studies have found that improved outcome is associated with a 

shorter duration of mechanical ventilation prior to initiation of ECLS.144–147 Current adult 

ARDS recommendations suggest that patients mechanically ventilated for more than 7 days 

may be less likely to benefit from ECLS for their respiratory failure.148 Zabrocki et al 

evaluated this question in the PARDS population.149 They found that patients mechanically 

ventilated for ≤14 days prior to ECLS initiation had similar survivals (56-61%), while those 

ventilated >14 days dropped their survival to 38%. 149 Nance et al reported a statistically 

significant survival decrease of 2.9% for each pre-ECLS ventilator day.150 Therefore, the 

most current ELSO guidelines for pediatrics suggest that implementing ECLS is most 

appropriate within the first 7 days of mechanical ventilation at high levels of support.149

Many other variables are important in applying ECLS in the PARDS population, including 

the method of support (venovenous in patients with respiratory failure and preserved cardiac 

function or venoarterial for patients with cardiopulmonary failure), type of cannula, location 

of cannulation, and approach to anticoagulation.151,152 Although venovenous ECLS can 

replace lung function, this is correlated with the efficiency of ECLS, which is affected by 

the maximum achievable flow and the extent of recirculation. Therefore, some ventilator 

support might be required to augment ventilation and/or oxygenation.151 However, in some 

patient populations, extubation while on ECLS is an emerging management strategy.76,153 

Finally, new data suggests that ECLS for carbon dioxide removal may be a beneficial 

adjuvant for patients without life-threatening hypoxia.152 ECLS is an important and growing 

management strategy in PARDS. PALICC recommends consideration of ECLS in severe 

PARDS where the cause is likely to be reversible or the child is suitable for consideration of 

lung transplantation. 154
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Figure 1. 
Schematic of a healthy alveolus. The alveolar epithelium and capillary endothelium are 

intact. The characteristics of the pulmonary circulation and intact epithelial endothelial 

barrier allow for formation of the alveolar wall liquid (AWL) while maintaining the air-

filled, fluid-free, status of the alveoli. The AWL facilitates gas exchange and is a medium for 

dispersal of surfactant and alveolar macrophages, which is essential for maintaining alveolar 

stability and host defenses. The intact sodium-dependent vectorial transport across type II 

alveolar epithelial cells regulates the removal of excess alveolar fluid.

From Sapru A, Flori H, et al. Pathobiology of acute respiratory distress syndrome.

Pediatr Crit Care Med. 2015 Jun;16(5 Suppl 1):S6–22. doi: 10.1097/

PCC.0000000000000431.
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Figure 2. 
Schematic of pathophysiology in acute respiratory distress syndrome. There is a loss 

of epithelial and endothelial barrier integrity and loss of function leading to increased 

permeability pulmonary edema. Solutes and large molecules such as albumin enter the 

alveolar space. In the presence of proinflammatory mediators and activated endothelium 

leukocytes traffic into the pulmonary interstitium and alveoli. There is activation of 

coagulation and deposition of fibrin in capillaries and alveoli with increased concentrations 

of fibrinogen and fibrin-degradation products in the edema fluid. Surfactant depletion and 

degradation result in large increases in surface tension and loss of alveolar shape and 

integrity. Recovery is preceded by fibroblast proliferation.

NETs = neutrophil extracellular traps, ROS = reactive oxygen species, TNF = tumor 

necrosis factor.

From Sapru A, Flori H, et al. Pathobiology of acute respiratory distress syndrome.

Pediatr Crit Care Med. 2015 Jun;16(5 Suppl 1):S6–22. doi: 10.1097/

PCC.0000000000000431.
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Table 1.

CAUSES of ACUTE RESPIRATORY DISTRESS SYNDROME

DIRECT LUNG INJURY (Alveolar-Epithelial) INDIRECT LUNG INJURY (Alveolar-Capillary)

Pneumonia Sepsis/SIRS

Aspiration Major trauma

Inhalation Injury Pancreatitis

Drowning Severe Burns

Pulmonary contusion Massive transfusion or TRALI

Shock

Cardiopulmonary bypass

Head Injury

Drug Overdose

Pediatr Clin North Am. Author manuscript; available in PMC 2022 November 23.
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