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REVIEWS

The Current State of Pediatric Acute
Respiratory Distress Syndrome

Kirsten E. Orloff, MD, David A. Turner, MD, FCCM, FCCP, and Kyle J. Rehder, MD, FCCM, FCCP

Pediatric acute respiratory distress syndrome (PARDS) is a significant cause of morbidity and mortality in
children. Children with PARDS often require intensive care admission and mechanical ventilation. Un-
fortunately, beyond lung protective ventilation, there are limited data to support our management strategies in
PARDS. The Pediatric Acute Lung Injury Consensus Conference (PALICC) offered a new definition of PARDS
in 2015 that has improved our understanding of the true epidemiology and heterogeneity of the disease as well
as risk stratification. Further studies will be crucial to determine optimal management for varying disease
severity. This review will present the physiologic basis of PARDS, describe the unique pediatric definition and
risk stratification, and summarize the current evidence for current standards of care as well as adjunctive
therapies.
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Introduction

ACUTE RESPIRATORY DISTRESS syndrome (ARDS) is a
clinical syndrome caused by disruption of the alveolar
epithelial-endothelial permeability barrier unrelated to car-
diogenic pulmonary edema.’ Injury may occur directly to
the alveolar epithelium (ie, pneumonia, inhaled toxins, etc.)
or indirectly to the capillary endothelium secondary to
systemic inflammation as seen in conditions such as sepsis
or pancreatitis." Disruption of the alveolar endothelial bar-
rier leads to accumulation of protein-rich fluid in the al-
veoli.” Dysregulated inflammation and coagulation then
ensue, resulting in impaired lymphatic drainage and surfac-
tant degradation.” Clinically, these alveolar changes result in
a restrictive lung disease characterized by hypoxemia, ra-
diographic opacities, decreased functional residual capacity,
increased physiologic dead space, and decreased lung
compliance.' Resolution of the inflammation usually occurs
after several weeks, with potential development of fibrosis.*
The most common cause of ARDS in children is viral re-
spiratory infection, although ARDS can be associated with
many other underlying conditions, including pneumonia,
sepsis, trauma, burns, pancreatitis, inhalation, transfusion,
and cardiopulmonary bypass.”

Defining Pediatric Acute Respiratory
Distress Syndrome

Historically, characterization of acute lung injury (ALI) or
ARDS in children was based on adult definitions determined
by the 1994 American-European Consensus Conference
(AECC) and the subsequent 2012 Berlin definition.*® Re-
cognizing that ARDS in children is different than adults, an
international panel of experts convened the Pediatric Acute
Lung Injury Consensus Conference (PALICC) to establish
new definitions and guidelines for pediatric acute respiratory
distress syndrome (PARDS).4 The 2015 PALICC definition
broadens the radiographic requirement to include any new
parenchymal infiltrate(s).* Additional key differences in the
PARDS definition include allowing use of pulse oximetry to
avoid underestimating ARDS prevalence in children if arte-
rial blood oxygenation measurements are not available and
SpO; < 97%, and utilization of the oxygenation index (OI)
[(FiO, X mean airway pressure X 100)/Pa0O,] and oxygenation
saturation index (OSI) [(FiO, X mean airway pressure X 100)/
SpO,] rather than the PaO,/FiO, (P/F) ratio to assess hyp-
oxemia® (Table 1). Integration of OI into the definition ac-
counts for variability in ventilator support when categorizing
lung disease.
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TABLE 1. PARD CRITERIA (PALICC GUIDELINES)

PARDS baseline criteria®
Acute onset; within 7 days of clinical insult

Chest imaging (radiograph or computed tomography) findings of new infiltrates (unilateral or bilateral) consistent with

acute parenchymal disease

Edema not fully explained by fluid overload or cardiac failure
May present as new acute lung disease in setting of chronic lung disease and/or heart disease

Exclusions
Perinatal lung disease

PARDS severity stratification

At-risk Mild Moderate Severe
Ol <4 with O, supplementation required to keep SpO, > 88% 4<8 8<16 216
OSI <5 with O, supplementation required to keep SpO, > 88% 5<7.5 7.5<12.3 >12.3

Special considerations
Noninvasive ventilation

PARDS: P/F ratio <300 or SpO,/FiO, ratio <264 on full face-mask noninvasive ventilation with minimum

CPAP/EPAP =5 cm H,O (no severity stratification)

At-risk: requiring FiO, 240% to attain SpO, 88%-92% with nasal mask CPAP/BiPAP or requiring age-based oxygen
flow rate via mask or nasal cannula to maintain SpO, 88%-97%

<1 Year: 2 L/min
1-5 Years: 4 L/min
5-10 Years: 6 L/min
>10 Years: 8 L/min

Cyanotic heart disease: no specific OI or OSI cutoff; PARDS definition based on clinician determined ‘‘new-onset

hypoxemia’ in patient meeting other baseline criteria

*pediatric acute respiratory distress syndrome.*

BIPAP, bilevel positive airway pressure; CPAP, continuous positive airway pressure; EPAP, expiratory positive airway pressure; OI,
oxygenation index; OSI, oxygenation saturation index; PALICC, Pediatric Acute Lung Injury Consensus Conference; PARDS, pediatric

acute respiratory distress syndrome; P/F, PaO,/FiO,.

The PALICC criteria were recently compared to prior defi-
nitions (Berlin, AECC) in 2 studies of pediatric patients in the
intensive care unit (ICU).7’8 Both studies concluded that the
new criteria identified a higher number of PARDS patients. In
addition, when compared to Berlin and AECC definitions, pa-
tients meeting PALICC criteria for PARDS were found to have
a lower overall mortality rate’ and a lower proportion of severe
ARDS and complications.® Even more recently, the prospective
international Pediatric Acute Respiratory Distress Syndrome
Incidence and Epidemiology (PARDIE) study, the largest
PARDS study using the PALICC definition, demonstrated in
over 700 children that the PALICC definition identified more
children as having PARDS than the Berlin definition.” Notably,
capturing more patients with milder forms of PARDS with the
broader definition may have serious implications on future
outcome studies if they are not stratified by disease severity.

Epidemiology, Mortality, and Risk Stratification

Respiratory failure is the most common cause of death for
children admitted to pediatric intensive care units (PICUs),10
and ARDS accounts for 1%—-10% of PICU admissions.”*'!
Mortality rates in PARDS are highly variable across studies,
likely attributable to varying comorbid conditions and dif-
ferent etiologies.'' A meta-analysis by Wong et al. found the
pooled mortality rate in PARDS to be ~24%, with an overall
downtrend in mortality over the last 3 decades.' This trend
likely reflects earlier awareness and diagnosis,'* improved
ventilation strategies, and changes in general ICU care.'' The
PARDIE study was the first to discriminate mortality risk by
PARDS severity as defined by PALICC, demonstrating a
significant, stepwise increase in mortality with increasing

disease severity (10%—15% for mild or moderate PARDS
versus 33% for severe PARDS).9 Measured OI at 6-12h and
at 24 h after onset of PARDS has been found to more accu-
rately stratify degree of lung injury than prognostication at
onset.'*'* The PARDIE study corroborated this finding, re-
vealing that PARDS severity level at 6 h was more predictive
of ICU mortality than Berlin ARDS severity groups.’

Cause of death in PARDS is variable, given the heteroge-
nous etiology of the disease process. In a large retrospective
study, neurologic failure and multisystem organ failure were the
primary causes of early and late deaths, respectively, and only a
minority of deaths were attributed to refractory hypoxemia.'®
Significant predictors of mortality include immunocompro-
mised state, multiorgan dysfunction, older age, and severity
of hypoxemia.'""'® A recent prospective cohort study dem-
onstrated similar outcomes for direct and indirect PARDS,
whereas infectious PARDS was associated with lower severity
of illness and mortality compared with noninfectious PARDS."”
Moreover, immunocompromised state, a well-described pre-
dictor of mortality in ARDS, was not found to be associated
with mortality in noninfectious PARDS."’

Overall, PARDS mortality has decreased in the last few
decades and is lower than adult ARDS mortality, which
ranges from 35% to 46% with mild to severe. '8 However,
PARDS mortality remains significant, and improvements in
identification, risk stratification, and targeted management
will be crucial to further reduce the mortality burden.

Standards of Care

This section provides a review of the current best
practice strategies for the management of PARDS. These



TABLE 2. CURRENT EVIDENCE AND RECOMMENDATIONS FOR PEDIATRIC ACUTE RESPIRATORY
DISTRESS SYNDROME THERAPIES

Therapy

Evidence

PALICC recommendation

References

Lung-protective
ventilation

Fluid management

Sedation

HFOV

Prone positioning

Recruitment
maneuvers

NMB

Decreased mortality and more

ventilator-free days with low
tidal volumes and limited
plateau pressure in adult
ARDS (RCT).

Conservative fluid management

improved lung function,
decreased duration of MV
and ICU LOS in adult
ARDS. No mortality
difference (RCT).
Observational pediatric
studies favor conservative
approach.

Sedation protocol decreased

sedation exposure without
effect on MV duration or
long-term outcomes in
pediatric respiratory failure
(RCT).

No benefit, potential harm in

adult ARDS (RCTs). Small
pediatric RCTs and
observational studies show
improved oxygenation but no
difference in mortality,
duration of MV, or LOS.
PROSpect (pediatric RCT)

is ongoing.

50% Mortality reduction in

severe ARDS (single RCT).
Adult systematic reviews
report improved oxygenation,
safe, potential mortality
reduction when coupled with
other lung protective
strategies. Pediatric RCT
supports safety but no
difference in outcomes.
PROSpect is ongoing.

Sustained inflation improves

oxygenation in adults with
higher lung compliance and
incremental PEEP titration is
safe and improved
oxygenation in ARDS and
PARDS. No data on
mortality or morbidity.

Adult studies support NMB use

in early severe ARDS.
Pediatric observational study
demonstrates NMB improved
oxygenation.

Low tidal volumes
3-6 mL/kg if poor compliance
5-8 mL/kg if preserved
compliance
Ppiatean €28 cm H,O
Permissive hypoxemia
Mild PARDS: 92%-97%
Severe PARDS: 88%-92% and
PEEP >10cm H,O
Permissive hypercapnia
Moderate/severe: pH 7.15-7.30,
with exceptions for certain
populations.

After initial resuscitation, use a
goal-directed fluid management
protocol to maintain intravascular
volume while minimizing fluid
overload.

Targeted sedation to ensure patients
can tolerate MV to optimize
oxygen delivery/consumption.
Pain and sedation scales to titrate
sedation per a goal-directed
protocol.

Consider HFOV in patients with
moderate to severe PARDS and
Pplateau >28 cm H,0.

Consider prone positioning as an
option in cases of severe PARDS.
Cannot recommend its use as a
routine therapy given current
pediatric data.

Careful incremental titration of
PEEP.

Consider NMB if sedation alone is
inadequate to achieve effective
MV. Target minimal effective
dose.

ARDS Network
(2000)22; Rimensberger
and Cheifetz*

National Heart, Lung,
and Blood Institute
Acute Respiratory
Distress Syndrome
(ARDS) Clinical Trials
Network et al.,”

Flori et al.,*
Valentine et al.;4
Valentine et al.>®

Curley et al.’8
Valentine et al.>

Rimensbergzer and
Cheifetz,”® El-Nawawy
et al.,29 Ferguson et al.,41
Young et al.,42 Arnold
et al., 3 Gupta et al.,44
Bateman et al.,

Qiao et al.

Curley et al.,27 Curley,48
Sud et al.,>!
Guerin et al.,
Tamburro and
Kneyber™>

Rimensbergzer and
Cheifetz,?
Grasso et al.,54
Cruces et al,,>
Povoa et al.

Valentine et al.,>>

Gainnier et al.,5 7
Forel et al.,”®
Papazian et al.b59
Murray et all.,6
Wilsterman et al.%?
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TABLE 2. (CONTINUED)

Therapy

Evidence

PALICC recommendation

References

Nitric oxide

Surfactant

Steroids

ECMO

Pediatric RCTs, meta-analysis,
and retrospective data all
report improved oxygenation
with no impact on mortality.

Large pediatric RCTs with
mixed data; overall improved
oxygenation but no difference
in duration of MV, LOS
or mortality.

Mixed data in adult ARDS.
Small pediatric RCT found
that methylprednisolone had
no difference in mortality,
duration of MV, LOS.
Observational pediatric data
demonstrate longer duration
of MV with corticosteroids
>24 h.

Strong evidence in neonates.
Recent adult RCTs show
potential mortality benefit.
No pediatric RCTs.

Cannot recommend routine use of
iNO. Consider in patients with
known pulmonary hypertension,
severe right ventricular
dysfunction, or as bridge to
ECMO.

Do not recommend routine use of
surfactant. Need further studies in
specific populations.

Do not recommend corticosteroids
as routine therapy. Need further
studies in specific populations.

Consider ECMO in severe PARDS
when lung-protective strategies
result in inadequate gas
exchange, after serial evaluations
demonstrate deteriorating trend.
Disease process must be deemed
reversible or lung transplant a
suitable treatment.

Tamburro and Kneyber,53
Day et al.,*> Dobyns
et al.,®* Ibrahim et al.,°
Afshari et al.,766
Bhalla et al.®

Tamburro and Kneyber,53
Willson et al.,”? Willson
et 211.,73 Thomas et al.,
Thomas et al.”

Tamburro and
Kneyber,”® Peter et a
Tang et al.,77
Meduri et aly78
Drago et al., K
Yehya et al.*

176

Refer to Extracorporeal
Membrane Oxygenation
section of the article for
full list of neonatal
references, Peek et al.,87
Combes et al.,®8

Dalton and Macrae®

ARDS, acute respiratory distress syndrome; ECMO, extracorporeal membrane oxygenation; HFOV, high-frequency oscillatory ventilation;
ICU, intensive care unit; iNO, inhaled nitric oxide; LOS, length of stay; MV, mechanical ventilation; NMB, neuromuscular blockade; PEEP,

positive-end-expiratory pressure; PROSpect, PRone and OScillation Pediatric Clinical Trial; RCT, randomized controlled trial.

recommendations, along with those for adjunctive therapies
covered in the following section, are summarized in Table 2.

Lung-protective ventilation

The goals of ARDS management are to treat the under-
lying cause, provide adequate oxygenation and ventilation,
and protect the lungs from ventilator-induced lung injury
(VILI). The aims of lung-protective ventilation are to avoid
overdistension (volutrauma and barotrauma), minimize the
cyclic opening and closing of alveoli (atelectrauma),'®*°
and minimize injurious effects of biochemical mediators on
the lung and distal organs (biotrauma).?!

There are no randomized controlled trials (RCTs) out-
lining optimal ventilator mode or strategy in PARDS. Thus,
pediatric intensivists have relied on the landmark ARDS
Network trial evaluating adults with ALI and ARDS, which
found that mechanical ventilation with lower tidal volume
(6 mL/kg compared to 12mL/kg) and limited plateau pres-
sure (30cm H,O) resulted in decreased mortality and more
ventilator-free days.*” Standard of care for mechanical ven-
tilation in the PICU is generally consistent with the ARDS
Network study, and the PALICC guidelines recommend tidal
volumes of 3—6 and 5-8 mL/kg for patients with poor and
more preserved respiratory compliance, respectively, along
with limiting inspiratory plateau pressure to 28 cm H,0.2° Of
note, some observational pediatric studies demonstrate de-
creased mortality'® and more ventilator-free days® with

higher tidal volumes, although the significance of these
findings is not clear. These findings led to weak agreement
among the PALICC group regarding tidal volume targets,
but targets remain generally consistent with currently avail-
able lung protective tidal volume goals. These data do sug-
gest that the physiology and risk for VILI may be different in
children when compared with adults, and a pediatric RCT
is needed to better inform the optimal tidal volume strategy
in children before routine deviation from current standards.

Another important component of conventional mechani-
cal ventilation (CMV) in ARDS is positive-end-expiratory
pressure (PEEP). PEEP creates an open lung strategy by
preventing lung collapse and atelectotrauma caused by re-
opening collapsed alveoli with each breath cycle.”® Two
meta-analyses in adults with ARDS indicate that higher
PEEP is associated with lower hospital mortality.’****> A
recent pediatric multicenter retrospective study by Khemani
et al. also demonstrated that PEEP levels lower than the
ARDS Network model were associated with higher mor-
tality.?® PALICC strongly recommends the use of PEEP up
to 15cm H,O or greater for severe PARDS.?

To minimize the potential toxicity of ventilatory support
required to oxygenate and ventilate PARDS patients, per-
missive hypoxemia and hypercapnia should be considered.
Given that improved oxygenation has not been shown to
improve outcomes,”>*’*° PALICC recommends oxygen
saturation goals of 92%-97% for mild PARDS and 88%—92%
and PEEP >10cm H,O for severe PARDS.?® In patients
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whose oxygen saturation is maintained <92%, it is important
to follow markers of oxygen delivery, such as central venous
saturation.”” Further PALICC recommendations include
considering permissive hypercapnia for moderate to severe
PARDS to minimize VILI, maintaining pH 7.15-7.30 using
lung-protective strategies.”’ Laboratory data have demon-
strated that hypercapnic acidosis itself—not simply as the
manifestation of low tidal volume ventilation—may attenuate
VILI, further supporting this strategy.’*' While most pop-
ulations will tolerate permissive hypercapnia and acidosis,
these guidelines should be avoided in patients with intracra-
nial hypertension, severe pulmonary hypertension, certain
congenital heart disease lesions, hemodynamic instability,
and significant ventricular dysfunction.”®

Fluid management

To date, no pediatric RCTs have investigated fluid man-
agement strategies in PARDS. Two opposing strategies exist:
(1) fluid resuscitation to maintain adequate cardiac output and
extrapulmonary organ function in the setting of widespread
inflammation and (2) fluid restriction to minimize pulmonary
edema.’? The multicentered, randomized Fluid and Catheter
Treatment Trial (FACTT) comparing conservative versus lib-
eral fluid management strategies for adults with ARDS favored
the conservative approach, as it improved lung function,
shortened duration of mechanical ventilation, and reduced ICU
stay without increasing extrapulmonary organ failure.> How-
ever, there was no mortality difference between the 2 groups.

Several observational studies have evaluated fluid man-
agement in pediatric ARDS and ALI In 2011, a post hoc
analysis of an observational study suggested that positive
fluid balance was associated with increased mortality and
prolonged mechanical ventilation, independent of multi-
system organ failure and severity of hypoxemia.*> More
recently, Valentine et al. applied a Bayesian statistical ap-
proach based on the FACTT findings to a multicenter ob-
servational pediatric study.>* Similar to previous studies, the
authors demonstrated an inverse relationship between posi-
tive cumulative fluid balance and ventilator-free days, even
after adjusting for illness severity.>* These studies highlight
the need for a prospective study of conservative fluid
management in children with PARDS.

PALICC recommendations reflect the need to balance
end-organ function with the development of pulmonary
edema. After initial resuscitation, PALICC recommends a
goal-directed fluid management protocol to maintain intra-
vascular volume while minimizing fluid overload.*®

Sedation

Adequate sedation of the mechanically ventilated child
will ideally optimize patient safety and respiratory support
while providing analgesia and anxiolysis to maintain the
child in a calm but responsive state.> Until recently, seda-
tives have been used extensively in mechanically ventilated
pediatric patients without high-quality evidence to guide
clinical practice.*®*” The Randomized Evaluation of Seda-
tion Titration fOr Respiratory failurE (RESTORE) trial
evaluated a nurse-driven sedation protocol in 2,900 me-
chanically ventilated children across 31 PICUs.*® The authors
found no reduction in duration of mechanical ventilation with
the sedation protocol compared to usual care in children with

acute respiratory failure, but did note a more wakeful state
and lower exposure to sedative medications.®® Long-term
follow-up demonstrated no difference in functional status or
mental health risk between treatment arms.>”

The PALICC recommendations align with this strategy,
supporting targeted sedation to ensure that patients can
tolerate mechanical ventilation to optimize oxygen delivery,
oxygen consumption, and work of breathing.*> Further
recommendations include the use of pain and sedation scales
to monitor and titrate sedation per a goal-directed protocol,
frequent interprofessional communication to define goals,
and an individualized sedation weaning plan guided by
objective withdrawal assessment.”> There remains a need for
additional investigations on the impact of pharmacogenetics
and critical illness, as well as the risks of neurotoxicity, im-
munomodulation, sleeg cycle disruption, and delirium asso-
ciated with sedation.*

Adjunctive Therapies
High-frequency ventilation

When CMV fails, high-frequency oscillatory ventilation
(HFOV) is often used as a ‘“‘rescue’’ strategy for refractory
hypoxemia. HFOV utilizes higher mean airway pressures in
conjunction with lower than physiologic tidal volumes at
extremely high rates, with the goal of minimizing VILI and
improving gas exchange through an open-lung strategy.

Early studies of HFOV in adults were promising, but
limited by small sample size and outdated ventilatory strat-
egies.41 Two recent adult RCTs, Oscillation for Acute Re-
spiratory Distress Syndrome Treated Early (OSCILLATE)*!
and High Frequency Oscillation in ARDS (OSCAR),*
suggest no benefit and potential harm associated with
HFOV. The OSCILLATE trial reported higher mortality and
increased use of vasopressors, sedation, and neuromuscular
blockage in the HFOV group. The OSCAR trial found no
significant difference in mortality between adult ARDS pa-
tients supported with HFOV compared to CMV.** These
studies remain controversial due to methodological concerns,
and their applicability to PARDS is unclear.

Although a 1994 RCT showed potential benefit from
early HFOV use in pediatric respiratory failure, subsequent
pediatric studies have demonstrated no clear benefit with
HFOV.* A recent retrospective, observational administra-
tive database study of >9,000 children with acute respiratory
failure found longer duration of mechanical ventilation and
higher mortality associated with HFOV compared with
CMV.** A secondary propensity score analysis of RE-
STORE study data also demonstrated increased ventilator
days with no mortality difference with early HFOV use
compared to CMV and/or late HFOV.* More recently, a
Turkish RCT of 200 children with PARDS found that
HFOV improved oxygenation but showed no difference in
mortality, duration of mechanical ventilation, or length of
stay (LOS), compared to CMV.? Consistent with other
studies, the most common cause of death was multiorgan
dysfunction rather than refractory hypoxemia. A meta-
analysis of 6 RCTs with a total of 246 PARDS patients also
demonstrated improved oxygenation with no significant
difference in mortality or duration of mechanical ventila-
tion.*® Despite these investigations evaluating HFOV in
pediatric ARDS, definitive data are lacking, and many
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experts agree that HFOV continues to have a role in the
management of severe respiratory failure. It is hoped that
the ongoing PRone and OScillation Pediatric Clinical Trial
(PROSpect)*’ will provide needed clarity. PALICC recom-
mendations include consideration of HFOV in patients with
moderate to severe PARDS and elevated plateau pressures
(>28 cm H,0).*

Prone positioning

Prone positioning was introduced in the 1970s as a
method to improve lung mechanics and oxygenation in
mechanically ventilated patients. Its efficacy and safety in
ARDS have been studied extensively over the last 2 de-
cades, primarily in adults. A 1999 systematic review of 20
clinical studies representing 297 adult and pediatric patients
found improved oxyggenation after prone positioning with
rare adverse events.”*

Three recent meta-analyses have assessed the impact of
prone positioning on mortality in adults with ARDS, with
varying results. The initial meta-analysis in 2008 assessed 13
studies, totaling >1,500 adult and pediatric patients, and found
prone positioning to improve oxygenation without significant
effect on mortality.*” A follow-up study of 10 trials demon-
strated that prone positioning was associated with decreased
mortality only in severe ARDS (P/F ratio <100 mHg).>° The
most recent meta-analysis in 2014 of 11 RCTs found a sig-
nificant reduction in ARDS mortality with prone positioning
when coupled with lung protective ventilation.”® This meta-
analysis included the Proning Severe ARDS Patients (PRO-
SEVA) study, which reported a 50% mortality reduction with
prone positioning in adults with severe ARDS.>?

Unlike many other management strategies in ARDS, a
multicenter RCT evaluating prone positioning in pediatrics
is available’” and demonstrated proning to be safe, but
found no difference in duration of mechanical ventilation,
mortality, or other health outcomes.”’” The ongoing PRO-
Spect study hopes to better determine its efficacy in severe
PARDS.*" The PALICC guidelines recommend considering
prone positioning as an option in cases of severe PARDS,
but cannot recommend its use as a routine therapy in
PARDS given the current pediatric data.>

Recruitment maneuvers

Recruitment maneuvers involve utilizing increased PEEP
or sustained inflation to reopen regions of lung collapse.
Adult studies have demonstrated that sustained inflation or
high levels of PEEP more successfully improve oxygenation
in patients with higher lung compliance, such as those with
early ARDS with atelectasis or inflammatory edema, com-
pared to those with decreased chest wall compliance.”’>*
However, predicting which patients may respond to lung
recruitment may be difficult, and there are no data demon-
strating the impact of recruitment maneuvers on outcomes
such as mortality or duration of mechanical ventilation. There
is also concern that sustained inflation may preferentially
deliver pressure to lungs units that are already open, causing
heterogeneous overdistension. Thus, PALICC recommends
more measured recruitment through careful incremental ti-
tration of PEEP, which has been shown to be safe and ef-
fective in improving oxygenation in both adult and pediatric
ARDS, rather than sustained inflation maneuvers,2%>>3¢
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Neuromuscular blockade

Neuromuscular blockade (NMB) is an important adjunct
to sedation for mechanically ventilated patients to achieve
optimal oxygen delivery and lung mechanics. However, a
paucity of high-quality evidence exists to guide use of NMB
in mechanically ventilated children. Adult clinical trials and
guidelines support NMB use in adults with early severe
ARDS.>"° Of note, these studies have evaluated cisa-
tricurium, while aminosteroids (ie, rocuronium, vecur-
onium) have been found to have a higher risk of myopathy
and neuropathy and potentially deserve separate investiga-
tion.®! To date, no RCTs have evaluated the utility of NMB
in children with PARDS. A prospective physiologic study
by Wilsterman et al. showed improved OI in pediatric pa-
tients with acute hypoxemic respiratory failure who received
continuous NMB during mechanical ventilation.®? Based
largely on the available adult data, PALICC recommends
considering NMB in children with PARDS if sedation alone
is inadequate to achieve effective mechanical ventilation,
targeting the minimal effective dose.>’

Nitric oxide

Nitric oxide (NO) is produced in the vascular endothe-
lium and causes relaxation of smooth muscle. Inhaled NO
(iNO) has been used as a pulmonary vasodilator to increase
blood flow to areas with adequate ventilation, thus im-
proving ventilation/perfusion mismatch and oxygenation in
diseases such as ARDS.> Three RCTs in children with
PARDS have demonstrated transient improvement in 0oxy-
genation with iNO, although these investigations were not
designed to study mortality.®*®5 A meta-analysis of 14
RCTs studying the effect of iNO in >1,300 adults and
children with ALI and ARDS again found transient im-
provement in oxygenation but no reduction in mortality.®®
Consistent with those findings, a recent retrospective cohort
study of nearly 500 children with PARDS also demonstrated
no improvement in either mortality or ventilator-free days
with iNO.%” Given iNO has not been shown to improve
patient outcomes in PARDS, PALICC does not recommend
its routine use.”® However, the guidelines suggest consid-
ering iNO in patients with known pulmonary hypertension,
severe right ventricular dysfunction, or as a bridge to ex-
tracorporeal life support in severe cases.

Surfactant

Surfactant dysfunction is part of the known pathophysi-
ology of ARDS, and surfactant replacement has had great
success in infantile respiratory distress syndrome. However,
pediatric clinical trials of surfactant replacement have not
demonstrated a clear improvement in outcomes outside of
the neonatal population. An uncontrolled trial in 1996 of
calf lung surfactant (calfactant) in 29 children with acute
hypoxic respiratory failure demonstrated improvement in
oxygenation and ability to wean ventilatory support with
calfactant administration.®® Two subsequent studies of por-
cine surfactant (curosurf) in infants with bronchiolitis
demonstrated improved oxygenation, decreased duration of
mechanical ventilation, and decreased ICU LOS with ex-
ogenous surfactant.®>’® Mortality was not assessed as there
were no deaths in either trial. Willson et al. then conducted a
prospective RCT that demonstrated the use of calfactant in
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children with acute hypoxic respiratory failure was associ-
ated with similar findings of improved oxygenation and
decreased length of ventilation and ICU stay, with no dif-
ference in mortality.”!

Subsequent larger studies demonstrate mixed results.
A multicenter RCT of calfactant use in >150 infants and
children with respiratory failure again demonstrated im-
proved oxygenation, but no difference in duration of ven-
tilation or LOS.”* The study found a reduction in mortality
with calfactant, which became nonsignificant after post hoc
adjustment for immunodeficiency. Subsequent trials of cal-
factant in direct-injury PARDS and PARDS following stem
cell transplant and lucinactant for PARDS demonstrated no
benefit for outcomes such as mortality, ventilation time, or
LOS.”>7° Given these data, the PALICC guidelines do not
recommend routine use of surfactant in PARDS,53 but rec-
ommend further studies to determine if other specific pop-
ulations may benefit.

Steroids

Dysregulated inflammation occurring in ARDS? has
prompted interest in use of steroids as an anti-inflammatory
treatment. Systematic reviews of studies of adults with
ARDS demonstrate mixed results.”®’” A 2018 meta-analysis
by Meduri et al. evaluating 9 RCTs of low-to-moderate dose
prolonged glucocorticoid treatment in adult ARDS reported
moderate-to-high evidence that steroid therapy is safe and
reduces duration of mechanical ventilation, ICU and overall
LOS, and mortality.”® A small pediatric pilot RCT investi-
gating the use of methylprednisolone in PARDS found no
difference in mortality, duration of mechanical ventilation,
ICU LOS, or overall LOS with steroid therapy.”® A larger
observational PARDS study found fewer ventilator-free
days and longer duration of mechanical ventilation with
corticosteroid exposure >24h.*® Given the lack of clear
evidence in pediatrics, PALICC recommends against corti-
costeroids as routine therapy in PARDS pending further
studies in specific populations.>

Extracorporeal membrane oxygenation

Successes with extracorporeal membrane oxygenation
(ECMO) in severe neonatal respiratory failure®' ™ have led
to its use in children and adults. In PARDS, ECMO can
augment systemic oxygen delivery to allow the injured lungs
to rest and recover. However, ECMO carries significant risk
and requires substantial resources and expertise. The inter-
national Extracorporeal Life Support Organization (ELSO)
registry contains data on nearly 60,000 patients supported
with ECMO.® Over the last decade, there has been expo-
nential growth of ECMO utilization in adults with severe
respiratory failure.®” The Conventional Ventilation or ECMO
for Severe Adult Respiratory Failure (CESAR) trial in adults
found that ECMO was cost-effective and increased 6-month
disability-free survival.’” However, the recent ECMO to
Rescue Lung Injury in Severe ARDS (EOLIA) trial showed
no significant difference in 60-day mortality in adults with
severe ARDS supported with ECMO when compared to
CMV.*

Unfortunately, despite strong evidence in neonates and
potential benefit in adults,?”®® clinical trial evidence for
ECMO use in PARDS is lacking. Despite this lack of definitive
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data, ECMO use in children increased substantially from 2009
to 2015,%¢ with a 50% increase in the number of centers re-
porting pediatric ECMO cases to the ELSO registry and a 24%
annual increase in pediatric ECMO cases over that time peri-
0d.% Survival to hospital discharge for children with respira-
tory failure supported with ECMO is 60%, with variable
outcome based on etiology.*® PALICC guidelines suggest that
ECMO should be considered in severe PARDS when toxic
support is needed to maintain gas exchange.®®* However,
ECMO should only be considered after serial evaluations
demonstrate deteriorating trends and if the disease process is
deemed reversible or if lung transplant is a suitable treatment.*

Next Steps

Despite the importance of PARDS as a substantial source
of pediatric morbidity and mortality, high-quality data
around potential treatments are lacking, which limits our
understanding of which therapies lead to optimal outcomes
in our PARDS patients. Not surprisingly, this paucity of
definitive evidence has led to significant PARDS manage-
ment variability across centers. A 2013 survey of 59 centers
across 12 countries demonstrated that adjunctive therapies
are commonly utilized in clinical scenarios consistent with
PARDS.” More than 80% of respondents reported that they
would use iNO, three-quarters would prone patients, and
around half would consider exogenous surfactant, despite a
lack of evidence to support the efficacy of these adjuncts.

The ongoing PROSpect*” hopes to provide clarity around 2
adjunct therapies, prone positioning and HFOV. This phase
III clinical trial (UG3 HL141736-01) aims to enroll 1,000
severe PARDS patients at more than 50 international centers.
Additional work in PARDS is also underway investigating
biomarkers that may better stratify mortality risk and identify
targeted treatments for future clinical trials.”’™* Beyond
these investigations, there remain robust opportunities for
prospective study of the effect of various treatment strategies
on outcomes in PARDS, including but not limited to venti-
latory modes (including airway pressure release ventilation,
high-frequency jet ventilation, and neutrally adjusted venti-
lator assist) and strategies, fluid management, NMB, surfac-
tant in specific populations, steroids, and ECMO.

Prior clinical trials have focused on all children with
ARDS, which many experts suggest is the reason for neg-
ative trials. Children with mild to moderate PARDS have a
relatively low mortality, and the inclusion of these children
in large trials may dilute the potential treatment benefit that
might exist in more severely ill patients. Recent adult in-
vestigations suggest a focus on patients with severe ARDS
may increase the likelihood to demonstrate a positive
treatment effect,’>3%:88:93

There also remains a great need for outcomes data in
PARDS, particularly relating to morbidity. In adult survi-
vors of ARDS, highly morbid effects include decreased lung
function, reduced (iluality of life, and decreased neurocog-
nitive functioning.'' Similar studies are warranted in the
pediatric population, as physical and neurocognitive devel-
opment may be even more greatly impacted. The cumulative
consequence of these morbidities on an individual and on
society is another opportunity for investigation. As noted
above, stratifying outcome studies by disease severity will
be ever more important with the broadened definition of
PARDS introduced in 2015.
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PARDS remains a disease process with significant mor-
bidity and mortality. However, with improved understand-
ing of its epidemiology and heterogeneity in the last decade,
as well as ever-growing gains in risk stratification, the future
is ripe with opportunity for more tailored clinical trials to
determine best treatment strategies and improve outcomes.
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