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The epidemiology of the acute respiratory distress syndrome (ARDS) in pediatric sepsis
is poorly defined. With significant data extrapolated from adult studies in sepsis and
ARDS, sometimes with uncertain applicability, better pediatric-specific guidelines and
dedicated investigations are warranted. The recent publication of a consensus defini-
tion for pediatric ARDS (PARDS) is the first step in addressing this knowledge gap. The
aim of this review is to frame our current understanding of PARDS as it relates to
pediatric sepsis, encompassing epidemiology, pathophysiology, and management. We
argue that addressing the role of PARDS in pediatric sepsis requires significant
attention to details with respect to how PARDS and sepsis are defined to accurately
describe their epidemiology, natural history, and outcomes. Finally, we highlight
certain aspects of PARDS management as they relate to the septic child and offer

syndrome

Introduction

Pediatric definitions of syndromes, including acute respiratory
distress syndrome (ARDS), are predominantly extrapolated
from adult definitions with uncertain applicability. In addition
to definitions, pediatric ARDS (PARDS) management has often
been extrapolated from adults or premature neonates, simi-
larly without sensitivity to the distinct epidemiology and
potentially pathogenesis of pediatrics. With respect to pedia-
tric sepsis, this has led to imprecision with respect to under-
standing the prevalence, incidence, and implications of PARDS
within the cohort of children with sepsis. The goal of this
review is to frame PARDS as it applies to children with sepsis,
focusing on PARDS caused by pneumonia and by nonpulmon-
ary sepsis. By necessity, given the paucity of data in children,
there is substantial reference to the adult literature but pedia-
tric specifics are included whenever possible. Finally, select
aspects of PARDS management are discussed with a focus on
their applicability in septic children.
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suggestion for future directions in this field.

Definitions of Acute Respiratory Distress
Syndrome in Pediatrics

The initial description of ARDS by Ashbaugh et al' in their
landmark case series in 1967, detailed, for the first time, the
pathophysiological constellation of pulmonary abnormal-
ities common to 12 patients with a diverse array of inciting
insults. Their patients exhibited severe dyspnea, cyanosis
refractory to oxygen therapy, diffuse alveolar infiltrates on
chest radiograph, decreased pulmonary compliance, and
hyaline membrane formation on pathology. Four of these
12 listed “viral pneumonia” as a potential etiology which was
the only infectious etiology listed. It is also notable that this
initial description of ARDS, based on the oxygenation infor-
mation provided in this report, would have classified as
severe ARDS in modern nomenclature.

ARDS, as a concept, underwent development over the next
several decades with formalized stratifications coming in
1988 with the Murray’s lung injury score? and the more
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commonly adopted 1994 American-European Consensus
Conference (AECC) definition® to assist with providing a
common language for epidemiological and interventional
studies. The AECC definition provided the framework for
defining ARDS as acute onset hypoxemia (rao,/FiO, < 200)
with bilateral pulmonary infiltrates in the setting of a
pulmonary wedge pressure < 18 mm Hg. AECC also intro-
duced a broader concept of “acute lung injury” (ALI), with
inclusion of milder oxygenation deficiencies (pao,/FiO,
< 300), and the more specific category of ARDS limited to
lower pPao,/FiO,. In the subsequent 20 years, mostly using the
AECC definition, clinical trialists performed multiple inter-
ventional trials on adults with ALI and ARDS, predominantly
with negative results.*"'* Exceptions to this trend were the
large trial comparing different tidal volumes and plateau
pressures' and conservative versus liberal fluid strategies.'®
The negative trials highlighted certain concerns with the
AECC definition; specifically, a lack of detail and potential
inclusion of too broad of a population, several of which did
not have the ARDS “syndrome” described by Ashbaugh1, but
milder hypoxemia without the essential pathophysiology
and poor prognosis described in 1967.

A group convened in Berlin in 2012 to reassess and
redefine ARDS,'” attempting to address some of these lim-
itations of the AECC definition. Acute was clarified to < 7
days of an inciting insult, computed tomography (CT) was
allowed to reinforce or replace the radiograph, and the
absence of heart failure as the predominant cause for hypox-
emia was allowed to be diagnosed noninvasively, in light of
declining use of pulmonary artery catheters in the intensive
care unit (ICU). Most importantly, hypoxemia was redefined
as mild (pao,/FiO, > 200 and < 300), moderate (Pao,/FiO,>
100 and < 200), and severe (rao,/FiO, < 100), with a mini-
mum end-expiratory pressure (invasive or noninvasive) of
5 cm H,O for mild ARDS, and invasive for moderate and
severe. The confusing AECC “ALI non-ARDS” category (pao,/
FiO, > 200 and < 300) was eliminated. The authors of the
Berlin definition demonstrated marginal improvement in
the prediction of mortality and duration of ventilation
relative to AECC. Interestingly, concurrent with the publica-
tion of these revised definitions was the publication of two
positive trials in adult ARDS which implicitly validated their
utility and highlighted the shortcomings of AECC. The
ACURASYS (ARDS et Curarisation Systematique) trial,'®
which tested the utility of early cisatrcurium, limited enroll-
ment to patients with pao,/FiO, < 150, rather than the
typical < 300. PROSEVA (Prone Position in Severe ARDS)
had even more stringent enrollment criteria,'® requiring
Paoy/FiO, < 150 after 12 to 24 hours of stabilization, thus
excluding patients who rapidly improved with standard
ventilator management. In both cases, the goal was enrich-
ment of a higher risk population in which the tested inter-
vention could plausibly impact mortality with a reasonable
sample size. This avoided unnecessarily randomizing low-
risk patients with a high likelihood of survival irrespective of
treatment arm, thereby diluting any treatment effect.

In neither the AECC nor Berlin definitions of ARDS were
pediatric considerations addressed. Absent such, AECC and
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Berlin definitions have been applied to pediatrics without
modification, despite the distinct epidemiology and outcomes
of children with ARDS.?%-23 For instance, children have a
different comorbidity profile than adults. Prematurity occurs
in up to 13% of children with PARDS** and children have
distinct risk factors for right ventricular dysfunction and
pulmonary hypertension relative to adults.?> Arterial blood
gases are less commonly used in children, precluding the use of
Pa0, in defining severity of lung injury.2®~2° Finally, PARDS has
approximately half the mortality of adult ARDS,>4+30-32 affect-
ing the choice of outcomes for clinical trials.

To address these limitations, the Pediatric Acute Lung
Injury and Sepsis Investigators sponsored the Pediatric Acute
Lung Injury Consensus Conference (PALICC)*3 to propose
definitions for PARDS. Notable differences in the 2015 PALICC
definition* are use of oxygenation index (OI) instead of pao,/
FiO,, alternative stratification based on Spo, rather than rao,
(oxygen saturation index, OSI),%%-?7 and less restrictive radio-
graphic criteria (unilateral infiltrates). Concessions are made
for defining PARDS while on noninvasive support for children
undergoing chronic mechanical ventilation at baseline, and
for children with unrepaired cyanotic congenital heart dis-
ease. This represented the first attempt to develop a classi-
fication system specific to pediatrics, a necessary and
welcome step for the field. The adoption of a parallel Spo,-
based classification system is necessary, given the variable
utilization of arterial catheters. However, this initial iteration
also carries some inherent risks similar to those of the adult
AECC definition. Specifically, timing of oxygenation is not
specified, despite the known differential utility of rao,/FiO,
(or OI) depending on when the measurement is made.?%-23-3
Finally, the more liberal radiographic criteria (unilateral
versus bilateral infiltrates) risks inclusion of unilateral pneu-
monias and bronchiolitis which are poorly differentiated
using chest radiograph alone. This could potentially lead to
the same drawbacks as the AECC definition with respect to
lack of specificity, inclusion of too broad a population with a
lower overall mortality risk, and description of a broader
syndrome which is further away from the one initially
described in 1967. In other words, it remains to be seen
whether PARDS is “real” ARDS, and more importantly,
whether this distinction even matters. Future prospective
studies using modern definitions of PARDS will need to be
rigorously evaluated and updated for the construct definition
of this syndrome to be considered useful for either clinical
care or for research.

Epidemiology and Natural History

Prevalence of PARDS in Pediatric Sepsis

The prevalence of PARDS among pediatric sepsis cases is
unknown. As can be surmised by the previous section,
prevalence will depend upon the definition of PARDS used,
with a higher rate reported with more permissive definitions
(noninvasive Spo,-based criteria, unilateral infiltrates on
chest radiograph). Complicating matters even further is
the likelihood that PARDS prevalence will likely vary depend-
ing on the definition of sepsis used.3®37
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However, despite the lack of a dedicated epidemiological
study, some evidence exists related to how common PARDS is
in pediatric sepsis. RESOLVE (REsearching severe Sepsis and
Organ dysfunction in children: a gLobal perspectiVE) was the
largest randomized, placebo-controlled trial conducted in
pediatric septic shock to date3® The study compared dro-
trecogin alfa (activated) against placebo in children with
severe sepsis, enrolling 477 children representing 18 coun-
tries between 2002 and 2005. Enrollment was restricted to
children with sepsis-induced cardiovascular and respiratory
dysfunction as defined by the International Pediatric Sepsis
Consensus Conference,® attempting to enrich for a sicker,
critically ill population. Overall mortality was 17% in the
trial. Using the strict inclusion criteria (including some
requirement for respiratory dysfunction), only 42 children
(9%) met criteria for ARDS (likely using AECC definitions,
although undefined in the study). This low rate might reflect
some of the limitations of the AECC definition, such as the
requirement for an arterial blood gas which may preclude
diagnosing PARDS, thus underestimating prevalence.

On the other extreme, SPROUT (Sepsis PRevalence, OUt-
comes, and Therapies), the recent international pediatric
sepsis point-prevalence study reported that 83% of children
had respiratory organ dysfunction at presentation, suggesting
a much higher prevalence of PARDS.*® SPROUT used the 2005
International Pediatric Sepsis Consensus Conference defini-
tions for organ failure3® which described respiratory failure as
(1) raoy/FiO, < 300, (2) Paco, > 65 torr (or 20 above baseline),
(3)Fiop > 0.5tokeepspo, > 92%, or (4) nonelective invasive or
noninvasive ventilation. Clearly the more liberal 2005 defini-
tion of “respiratory failure” used here is not synonymous with
PARDS, likely due to the inclusion of nonelective ventilation,
and would lead to an overestimation of PARDS in pediatric
sepsis if applied without modification. The true prevalence of
PARDS in pediatric sepsis likely exists between these two
extremes: higher than the 9% using strict AECC definitions
in the setting of a clinical trial, and lower than the 83% using a
loose definition of “respiratory dysfunction.” This question
could be addressed by using modern definitions of ARDS, such
as the Berlin definition, making allowances for noninvasive
(Spo, versus prao,) when necessary.29 Alternatively, the 2015
PALICC definition of PARDS which explicitly has parallel Spo,-
based stratification could be utilized.> Irrespective of defini-
tion, the actual prevalence of PARDS in sepsis along with any
associated morbidity or mortality risk carried alongside the
diagnosis is unknown and requires dedicated epidemiological
study using clear and accepted definitions.

Sepsis Resulting in PARDS and Associated Outcomes

While the prevalence of PARDS in sepsis is poorly defined, the
prevalence of infection as the inciting etiology for PARDS has
received greater study. Infectious pneumonias causing “direct”
lung injury are typically the most common cause of PARDS,
with estimates ranging from 35%"%2 to 58%3° of cases. Non-
pulmonary sepsis causing an “indirect” lung injury is typically
the second most common PARDS etiology, responsible for 132!
to 32%.%? The distinction between pulmonary and nonpul-
monary infection is relevant for understanding and linking the
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epidemiology of PARDS and sepsis, especially since an isolated
infectious pneumonia, even one severe enough to meet PARDS
criteria may not satisfy criteria for pediatric sepsis.39 The
distinction gains greater prognostic relevance when consider-
ing that adult sepsis outcomes are highly dependent upon site
of infection." It is unknown whether pediatric sepsis exhibits
a similar relationship between site of infection and outcome
and whether presence of PARDS impacts this relationship.
Notably, in several PARDS cohorts, nonpulmonary sepsis pos-
sesses higher mortality than infectious pneumonia.?' 23 How-
ever, it is unclear whether the higher mortality seen in
nonpulmonary sepsis associated PARDS is intrinsic to the
site of infection or whether nonpulmonary sepsis is simply
related to increasing number of organ failures.

Mortality in PARDS is generally lower than for adult ARDS
and is decreasing over time.>>#? In recent cohorts, mortality
approaches levels as low as 11%.3>4344 In PARDS, increasing
number of nonpulmonary organ failures is associated with a
linear increase in mortality risk?1233% which may explain the
higher mortality reported for PARDS from nonpulmonary
sepsis relative to PARDS from infectious pneumonia, as a
disseminated infection would be expected to affect more distal
organs than a localized one. Other consistent predictors of
mortality include immunocompromised status®'-?%3>43 and
severity of hypoxemia.?~232%3>45 Elevated ventilator pres-
sures have also been associated with increased mortality,224®
although it is not clear whether this reflects increased severity
of pulmonary disease or injurious ventilation causing subse-
quent ventilator-induced lung injury. Fluid balance has been
associated with longer duration of ventilation***”-*® and with
mortality,*® although it is similarly unclear if this is causal or a
marker of severity of illness. Notably, classic risk factors for
mortality in PARDS, such as immunocompromised status and
oxygenation are only relevant to PARDS caused by an infec-
tion.?* This suggests that future studies of PARDS should be
stratified, as in adults, by the presence or absence of sepsis as
this subtype appears to possess a distinct phenotype.

Pathogenesis of Pediatric Acute Respiratory
Distress Syndrome in Sepsis

PARDS results from altered alveolar permeability after an
inciting insult, with alterations in both endothelial and
alveolar epithelial barrier properties. Several lines of evi-
dence suggest that neutrophils mediate much of this
damage. A full review of the inflammatory changes leading
to alveolar flooding are beyond the scope of this review;
however, certain aspects specific to sepsis are worth dis-
cussing in greater detail.

Role of the Lung

In sepsis of a pulmonary origin, direct epithelial injury can
result from the underlying infection,**->0 disseminating and
propagating to involve multiple areas of the lung in severe
cases, thus meeting criteria for adult ARDS and PARDS.>°
Interestingly, in addition to direct pulmonary damage, invasive
mechanical ventilation may propagate a localized pneumonia
into a systemic condition. In a mouse model of pneumonia,
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mechanical ventilation led to subsequent worsening of
pulmonary edema and inflammation, as well as increased
systemic inflammatory cytokine levels®' suggesting that
mechanical ventilation, particularly if injurious, can aggravate
and spread a localized lung injury.

Additionally, animal experimental abdominal sepsis
demonstrated neutrophil extracellular trap (NET) formation
in the lung following cecal ligation and puncture. NETs are
webs composed of extracellular DNA and associated histones
as a result of chromatin degradation, as well as some
associated cytoplasmic proteins. NETs are released from
dying neutrophils in response to infectious and inflamma-
tory stimuli,”? a form of cell death referred to as NETosis>>
and tend to form in pulmonary capillaries.>*~>® NET forma-
tion can also be stimulated and propagated by activated
platelets during inflammation.>* NETs have antimicrobial
properties, predominantly by trapping and killing circulating
microbes and inactivating virulence factors.”>>’ The inter-
action of NETs with platelets can also trigger thrombosis,*®->8
thereby linking the coagulation system and innate immunity
during infection. Microthrombi foster compartmentalization
of bacteria during infection and prevent bacterial invasion
into tissue®®; however, microthrombi formation in the pul-
monary vasculature can also lead to some of the pathophy-
siological derangements seen in sepsis-associated lung
injury. Additionally, NET components, specifically his-
tones,”? are toxic to multiple cell types, including endothelial
and alveolar epithelial cells,®%-®3 potentially providing
another link between nonpulmonary sepsis and subsequent
lung injury.

Role of Circulating Damage Associated Molecular
Patterns

As described above, histones in sepsis are functioning as
damage-associated molecular patterns (DAMPs), endogenous
molecules released in response to stress, trauma, or infection
which are recognized by the same pattern recognition recep-
tors designed to target exogenous infections. Pattern recogni-
tion receptors, including the toll-like receptors (TLRs) and the
NOD-like receptors (NLRs), are primitive components of innate
immunity designed to recognize pathogen-associated mole-
cular patterns (PAMPs) from microbes (such as lipopolysac-
charide) and endogenous DAMPs (reviewed in®%). Unlike
PAMPs, DAMPs are host-derived and can perpetuate the
inflammatory response initiated by infection or themselves
initiate a similar noninfectious inflammatory response. Chro-
matin-associated histones®® and high-mobility group box 1
(HMGB1)®® function as DAMPs. Mitochondrial DNA has been
demonstrated to function as a DAMP and worsen lung
injury®®®7 and is correlated with nonsurvival in critically ill
humans.%8-70

Management of Pediatric Acute Respiratory
Distress Syndrome

Managing PARDS in the Critically Il Septic Child
The goals of PARDS management in septic children are
coincident with the goals of sepsis management: recogni-
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tion, timely antibiotics and source control, adequate initial
resuscitation using fluids and vasopressors, decreasing was-
teful oxygen consumption and deresuscitating once physiol-
ogy is controlled. For subjects in which their sepsis is
complicated by PARDS, assisted breathing using noninvasive
or invasive ventilation contributes to decreasing oxygen
consumption and redirecting cardiac output away from
respiratory muscles toward other vital organs. Management
of PARDS from sepsis is based on excellent supportive care, as
no targeted therapies exist. Specific aspects of this suppor-
tive care are discussed below.

Fluid Resuscitation

There is concern regarding excessive fluid resuscitation in
sepsis with concurrent PARDS or a fear of causing PARDS due
to resuscitation itself. The fluid expansion as supportive
therapy (FEAST) trial in febrile African children with poor
perfusion demonstrated higher mortality with both albumin
and saline boluses, relative to no bolus.”! Although this trial
has poor external generalizability to sepsis and PARDS
management in developed and resource-rich settings, it
does highlight potential risks associated with fluid resuscita-
tion. A large body of observational literature also supports
risks associated with fluid overload,***’ although such stu-
dies cannot assign causality to fluid overload and excessive
fluid administration coupled with inadequate diuresis may
simply be markers of severity of illness. The exact endpoints
of fluid resuscitation in sepsis are unknown, with or without
PARDS. When to switch resuscitative efforts away from fluids
and toward vasoactives is similarly unknown. These remain
areas of active investigation in adult sepsis, with the ongoing
crystalloid liberal or vasopressors early resuscitation in
sepsis (CLOVERS) trial. In the meantime, it is reasonable to
consider the pulmonary status during sepsis resuscitation
and to curtail fluid administration earlier if a subject has
PARDS or appears to be developing PARDS. In environments
with noninvasive and invasive mechanical ventilations read-
ily available, patients should have respiratory failure quickly
recognized and appropriate support aggressively initiated.

Noninvasive Support

Increasing attention has been devoted to noninvasive sup-
port for PARDS. Most studies have investigated noninvasive
positive pressure ventilation (PPV)’2~77 in the form of con-
tinuous positive airway pressure (CPAP) or bi-level positive
airway pressure (BiPAP), although increasing attention is
being devoted to humidified high flow nasal cannula
(HFNC). In observational studies of pediatric acute respira-
tory failure treated with noninvasive PPV, predictors of
noninvasive success (typically defined as avoiding endotra-
cheal intubation) included improvement in hypoxemia,’#”>
better initial pH,”’ lower severity of illness with fewer organ
failures,”>’# and improved respiratory rate.”* These findings
were confirmed in the only randomized trial to date of
noninvasive PPV in children.”® In this study of 50 children,
early use of noninvasive PPV improved oxygenation, heart
rate, and respiratory rate within 6 hours of initiation and
reduced the rate of intubation from 60 to 28%.
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There is specific interest in noninvasive support for immu-
nocompromised children. In a study limited to immunocom-
promised children with respiratory failure, noninvasive
success was also associated with improved heart rates and
respiratory rates.”? A separate study of 239 immunocompro-
mised children, of whom 120 initially received noninvasive
PPV, confirmed that cardiovascular dysfunction was an inde-
pendent predictor of failure of noninvasive PPV.”® However,
noninvasive PPV was successful in 74% of cases, as only 31 of
the 120 managed initially with noninvasive PPV required
intubation.

Operationally, this suggests that potentially good candi-
dates with PARDS for noninvasive PPV support are those with
isolated respiratory failure with a quantifiable improvement in
hypoxemia and respiratory effort within 6 hours of initiation,
including immunocompromised children with isolated
respiratory failure. Patients with vasopressor-dependent sep-
tic shock, additional nonpulmonary organ dysfunctions, or a
poor physiologic response to a trial of noninvasive support
appear likely to be better served with invasive ventilation.
Given the recently completed trial’”® demonstrating super-
iority of helmet versus facemask interface in adults with ARDS
(18 vs. 61.5% subsequent intubation), the optimal pediatric
non-\invasive PPV interface remains an open question.

Humidified HFNC has been studied predominantly in
bronchiolitis in children,®® with no studies specific to chil-
dren with PARDS. Understandably, there is reluctance to
initiate a more novel first-line therapy in more severe
respiratory failures, such as PARDS. However, HFNC does
retain some promise and further research into the utility of
HFNC for PARDS was recommended by PALICC.2" In a single
observational study of HFNC in adults with ARDS,32 with an
intubation rate of 40%, additional organ failures, hemody-
namic instability, worse oxygenation, and higher respiratory
rate after initiation were all associated with failure of HFNC.
The authors conclude that HFNC can be used as first-line
therapy even for severe respiratory failure, including ARDS. It
is notable that over 80% of HFNC cases in this study were
pneumonia, weighting this cohort toward direct pulmonary
etiologies of ARDS. It remains unclear how well HFNC would
perform in a disseminated, nonpulmonary septic cohort,
particularly with ongoing hemodynamic instability, and
septic shock. Given the association between increasing organ
failures and poor physiologic response after HFNC initiation,
similar cautions appear warranted for HFNC in PARDS as
apply for noninvasive PPV. Future studies should focus on the
utility of these noninvasive modes for initial support, likely
restricted to mild and moderate PARDS, as recommended by
PALICC.3!

Invasive Mechanical Ventilation

The optimal ventilator strategy, settings, and adjunct treat-
ments are unknown in PARDS. Three therapies have been
tested in PARDS: high frequency oscillatory ventilation
(HFOV),®3 prone positioning,®* and exogenous surfac-
tant,®>8¢ none of which demonstrated significant advan-
tages over standard care. For this reason, most PARDS
management is based on expert (and local) consensus>*
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and several therapies of uncertain utility (inhaled nitric
oxide or prostacyclin, prone positioning, surfactant, neuro-
muscular blockade, corticosteroids) remain utilized only for
refractory cases of severe PARDS. Extrapolation from adult
studies must proceed with extreme caution, since the epi-
demiology and outcomes of PARDS are distinct from adults,
even when using similar definitions.?%-3>4

The guiding principle of adult ARDS management is lung-
protective ventilation, as manifest by limited tidal volumes
(V1) and distending pressures.'>#7 It is unclear whether this
applies to children, as there has been no association between
increasing Vy and poor outcomes in PARDS.*®#8 Elevated
peak pressures have been associated with poor outcomes in
PARDS?26 but it is unclear whether this is causal or simply
reflects more severe lung injury. While V1 < 6 mL/kg have
been recommended for pediatric ARDS,®° the ambiguity
regarding the utility of low Vrin children has led to average
Vr closer to 8 mL/kg in published pediatric ARDS
cohorts,>?°® and substantial utilization of V; > 10 mL/kg.*°

Prone positioning'® and early short-term neuromuscular
blockade'® have also demonstrated improved survival in
moderate/severe ARDS in adults (PROSEVA and ACURASYS,
discussed earlier). The pediatric prone positioning trial was
stopped early for futility,84 with an overall 8% mortality rate.
However, prone positioning remains a rescue therapy for
severe PARDS raising the question of whether a trial
restricted to severe PARDS (as in adults) would provide a
more definitive answer for pediatrics. Neuromuscular block-
ade has never been systematically assessed in PARDS and its
utility remains unknown. It is commonly used in PARDS as an
adjunct for improving ventilator synchrony and improving
oxygenation.>® In PARDS caused by sepsis, paralysis can also
contribute to further reduction of oxygen consumption.
Because of a concern for contributing to myopathy and weak-
ness after critical illness, neuromuscular blockade should be
discontinued as soon as feasible; in ACURASYS, adult subjects
were exposed to cisatracurium for only 48 hours with no
increase in subsequent paresis or myopathy.18

Two large trials of HFOV in adult ARDS demonstrated
either no benefit®! or worse outcomes with HFOV.?2 The sole
pediatric trial is limited in interpretation due to significant
crossover®> and was negative for significant clinical end-
points. Extrapolation of the adult HFOV data to children is
problematic due to the protocols and manner in which HFOV
was used and HFOV remains a commonly utilized rescue
therapy for PARDS.”> HFOV is likely better tolerated in
children, relative to adults, given the lower prevalence of
cardiac dysfunction. It may be particularly useful in PARDS
from sepsis when severe pulmonary and extra-pulmonary
edema (chest wall edema, ascites) are contributing to pro-
gressive atelectasis requiring a high sustained mean airway
pressure for sustained recruitment.

Extracorporeal Support

Extracorporeal membrane oxygenation (ECMO) is increas-
ingly being utilized for refractory PARDS and for pediatric
septic shock. Modern circuitry and oxygenators, as well as
increasing familiarity with ECMO at specialized higher
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volume centers, have led to increased willingness to use
ECMO on increasingly complex patients without an appreci-
able increase in mortality rates.’* In an analysis of the
Extracorporeal Life Support Organization’s (ELSO) database
of pediatric respiratory failure between 1993 and 2007,
mortality was relatively unchanged over 15 years for all
comers, approximating 43%.°* However, the number of
patients with comorbid conditions more than doubled,
suggesting an increased aggressiveness in ECMO utilization
in populations previously deemed futile. Notably, PARDS
associated with (presumably nonpulmonary) sepsis had
worse mortality (60%, relative to 30-44% for bacterial and
viral pneumonias) and was an independent predictor of
nonsurvival in multivariate analysis. Consistent predictors
of mortality for pediatric ECMO were length of pre-ECMO
mechanical ventilation,?*?> especially above 14 days,*
severity of PARDS prior to ECMO cannulation,®*°> organ
failures and immunocompromised status,’*°*%7 and ECMO
duration of greater than 21 days.”>°® Stem cell transplant
carries a particularly poor prognosis with reported mortality
rates over 95%.%%°7

Interestingly, in light of the poor prognosis associated with
PARDS from sepsis in ELSO, the Royal Children’s Hospital in
Melbourne, Australia, reported their single center experience
and a mortality rate of only 26% in children with refractory
septic shock.”® In 23 children with refractory septic shock, 22
(96%) of whom had 3 or more organ failures, institutional
practice was initiation of ECMO via cannulation of the right
atrium and aorta (central ECMO) after sternotomy. The authors
concluded that central ECMO was associated with improved
outcomes predominantly by achieving higher flow rates, up to
10 L per minute, and thus more effectively reversing shock and
mitigating worsening multisystem organ failure. Also, having
the return cannula in the ascending aorta, rather than the right
carotid, may be associated with improved coronary and cerebral
perfusion. Concerns regarding routine central cannulation
include a risk of bleeding and mediastinitis, as well as the
possibility of being able to achieve higher flow rates with two
peripheral venous cannulas. Additionally, as centers gain
experience with ECMO, the threshold at which ECMO is offered
as a salvage therapy is lowered, thus making comparisons with
historical groups difficult, as analyses now include the survival
of children who (historically) may have survived without ECMO.

The recent ECMO to Rescue Lung Injury in Severe ARDS
(EOLIA) trial shed some light on the efficacy of ECMO for
adult severe ARDS.'% In this trial of 249 subjects, of whom
158 (63%) had pneumonia, ECMO resulted in 24% lower
mortality (p = 0.09) relative to continued mechanical venti-
lation. Of note, 28% of subjects assigned to receive mechan-
ical ventilation were rescued with ECMO, and analysis of the
secondary outcome of “treatment failure” was highly sig-
nificant in favor of ECMO (p < 0.001). While not strictly a
positive trial, EOLIA contributes to our knowledge that ECMO
is aviable strategy in adult severe ARDS and reinforces that it
should be considered relatively early in the ARDS course.

Absent a trial, efficacy and timing concerns remain diffi-
cult to address in pediatrics. For now, ECMO seems reason-
able to offer as a salvage therapy in patients with refractory
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septic shock and associated cardiovascular or respiratory
failure in centers experienced in ECMO. Patient selection
remains key as certain comorbidities, such as stem cell
transplant portend a substantially higher likelihood of mor-
tality. Center experience may also play a role as a retro-
spective examination of the Pediatric Health Information
System database suggests that a minimum annual case load
of 22 ECMO runs/center/year was associated with improved
mortality,'®" a finding which requires further validation.
Finally, given the worse prognosis associated with prolonged
ECMO runs, discussions with caregivers and family regarding
realistic expectations are necessary when patients fail to
improve after several weeks of ECMO therapy. However, an
exact cut-off for what constitutes “too long” is unknown.

Corticosteroids

Enthusiasm for hydrocortisone in septic shock was reignited
after Annane et al'%? randomized adults with vVasopressor-
refractory septic shock within 8 hours to hydrocortisone +
fludrocortisone versus placebo, demonstrating that steroid
replacement hastened shock reversal and improved mortal-
ity, particularly in patients with inadequate cortisol response
(<9 pg/dL) to 250 pg adrenocorticotropic hormone (ACTH).
The subsequent negative Corticosteroid Therapy of Septic
Shock (CORTICUS) trial'®® which allowed enrollment of
patients in whom shock had resolved up to 72 hours,
tempered enthusiasm by failing to reproduce the results of
Annane et al, and cast further uncertainty about the utility of
ACTH stimulation. The lower mortality in CORTICUS high-
lights the importance of patient selection and illness severity
in determining which population, if any, may benefit from
hydrocortisone replacement.

Every observational study of pediatric sepsis
failed to demonstrate a benefit of corticosteroid use. A single
study of PARDS investigating the association between all
corticosteroids (methylprednisolone as well as hydrocorti-
sone) similarly demonstrated worse outcomes with corticos-
teroid exposure.'® All of these studies are hampered by
confounding indication with corticosteroid use typically
restricted to more severely ill patients, a dilemma which can
only be resolved by a clinical trial. The sole trial of corticoster-
oids for PARDS was limited to 35 total patients, and demon-
strated marginal improvements in oxygenation and ventilation
with methylprednisolone use but no difference in outcomes.' '
However, this trial did demonstrate feasibility, and the ques-
tion of corticosteroids in sepsis and PARDS must be addressed.
The question of hydrocortisone in pediatric sepsis likely should
be addressed first, as sepsis is more prevalent than PARDS. The
question of which patients should be randomized, the utility of
ACTH stimulation versus cortisol levels,'" the dosing of hydro-
cortisone,''? and the utility of additional fludrocortisone all
need to be addressed in the design of such a trial.

A secondary clinical question arises regarding the role of
corticosteroids in PARDS. The trial of Drago et al''? enrolled
patients at PARDS onset but adult trials of ARDS have typically
studied methylprednisolone in refractory (for > 7 days)
ARDS.®'13 A pediatric trial will need to determine which
population should be randomized (all PARDS, early vs. late,
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mild vs. severe), which dose of methylprednisolone to use, and
how to account for contamination by hydrocortisone use for
shock. Exclusion of hydrocortisone exposed children would
likely render the trial impractical, as it will enrich for a less sick
population, which is arguably the ones least likely to benefit
from corticosteroids.

Appropriate recommendations regarding which patients
would benefit from hydrocortisone for shock (or methyl-
prednisolone for PARDS) is critical to ensure that the benefits
of treatment are not outweighed by the risks of corticoster-
oids, including immunosuppression, hospital acquired infec-
tions, hyperglycemia, neuromyopathy, and functional
impairment. At present, it is difficult to make meaningful
recommendations given the paucity of data.

Future Directions

The field of PARDS in pediatric sepsis is in its infancy. With
new pediatric-specific definitions for PARDS, a detailed
examination of the clinical epidemiology and natural his-
tory of PARDS in sepsis is needed. Two necessary and
important questions to address are: (1) what is the pre-
valence of PARDS in pediatric sepsis and (2) is PARDS causal
for mortality in pediatric sepsis. Basic and translational
studies are needed to better understand the pathogenesis of
lung injury in sepsis and whether this pathogenesis differs
by patient age or by location and type of inciting infection.
Finally, after a better understanding of the underlying
physiology, clinical trials are sorely needed for both pedia-
tric sepsis and PARDS to address the best way to support
these sick children. The optimal type of mechanical ventila-
tion, the role of refractory therapies including corticoster-
oids, HFOV, and ECMO, and the adequacy of nutrition and
fluid management all remain unclear and are currently
driven by regional culture. The development of multicenter
registries and collaborations will be needed to break out of
our current model of single center observational studies.
We have generated multiple hypotheses over the past
30 years; it is time to test them.
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