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Abstract
Purpose of Review The purpose of this review is to summa-
rize the recent literature on pediatric acute respiratory distress
syndrome (PARDS). This review will focus on, but not be
limited to, literature using the recent definition of PARDS
established by the Pediatric Acute Lung Injury Consensus
Conference (PALICC) group in 2015.
Recent Findings Mortality rates for PARDS have recently de-
creased to 10–15%. Clinical trials in PARDS have (1) empha-
sized the relative importance of early oxygenation in
predicting mortality; (2) suggested a role for protocolized se-
dation in patients managed with extracorporeal membrane ox-
ygenation (ECMO); (3) found no mortality benefit to high-
frequency oscillatory ventilation (HFOV), exogenous surfac-
tant, or corticosteroids; and (4) suggested biomarkers and
whole exome sequencing as methods for personalizing man-
agement. Recent laboratory studies have suggested differ-
ences in responsiveness to high tidal volume injury in juvenile
rodents.
Summary The near future of PARDS management could in-
clude earlier risk stratification of patients by (1) oxygenation
within 24 h of PARDS diagnosis and (2) use of biomarkers
and subphenotypes. Despite challenges in performing clinical
trials in children, the PALICC definition presents an opportu-
nity to explore these and more research questions in PARDS
separately from adult cohorts.

Keywords Acute lung injury . ARDS . Pediatrics . Berlin
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Introduction and Definition

Adult respiratory distress syndrome was first described in
1967 to differentiate it from respiratory distress syndrome
(RDS) described in preterm neonates, with which it shared
features of surfactant dysfunction, atelectasis, and hyaline
membranes in alveoli [1, 2]. Ashbaugh and colleagues de-
scribed the acute onset of tachypnea and hypoxemia, with loss
of compliance and infiltrations on chest radiography, but did
not present a formal definition.

In 1994, the American-European Consensus Conference
(AECC), acknowledging that the syndrome also occurred in
children, redefined the adult respiratory distress syndrome as
the acute respiratory distress syndrome (ARDS). The AECC
described criteria that allowed for a definition of ARDS for
research purposes (Table 1). These criteria included (1) acute
onset; (2) ratio of PaO2/FiO2 ≤ 200 for ARDS and ≤ 300 for
acute lung injury (ALI), regardless of PEEP; (3) bilateral in-
filtrates on chest radiograph; and (4) pulmonary artery wedge
pressure of ≤ 18 if measured, or no evidence of left atrial
hypertension [3].

The ARDS definition was again modified in 2012when the
Berlin definition was proposed. The Berlin definition clarified
acute onset to within 1 week of a known insult. It eliminated
ALI, dividing ARDS into mild (200 < PaO2/FiO2 ≤ 300,
PEEP or CPAP ≥ 5), moderate (100 < PaO2/FiO2 ≤ 200,
PEEP ≥ 5), and severe (PaO2/FiO2 ≤ 100, PEEP ≥ 5) catego-
ries. It defined the chest imaging findings as bilateral opacities
on radiograph or computed tomography scan. The Berlin def-
inition allowed for left atrial hypertension, but the degree of
respiratory failure could not be fully explained by heart failure
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or fluid overload. The Berlin definition had improved predict-
ed validity for mortality in adults compared to the AECC
definition [4].

In 2014, the Pediatric Acute Lung Injury Consensus
Conference (PALICC) group originated from the Pediatric
Acute Lung Injury and Sepsis Investigators (PALISI)
Network to define pediatric ARDS or PARDS. The PALICC
definition kept the requirements of within 1 week of a known
insult, and respiratory failure not fully explained by heart fail-
ure or fluid overload. The only age criterion was to exclude
patients with perinatal-related lung disease; no upper age limit
was proposed. The requirement for bilateral infiltrates on
chest radiograph was eliminated, with PALICC requiring a
new infiltrate or infiltrates consistent with acute pulmonary
parenchymal disease. For patients receiving invasive mechan-
ical ventilation, PARDS was defined by oxygenation index
(OI) or oxygen saturation index (OSI), to better define com-
pliance defects. The use of OSI eliminated the requirement of

obtaining an arterial blood gas, a common challenge in the
pediatric population. Thus, mild PARDS was defined as 4 ≤
OI < 8, moderate PARDS as 8 ≤ OI < 16, and severe PARDS
as OI ≥ 16, with corresponding OSI ranges (Table 1). PARDS
diagnosis without severity stratification was permitted in pa-
tients receiving non-invasive mechanical ventilation with full
facemask bi-level ventilation or CPAP ≥ 5 cm H2O, with
PaO2/FiO2 ≤ 300 or SaO2/FiO2 ≤ 264. PARDS could also be
diagnosed in patients with cyanotic heart disease, chronic lung
disease, and left ventricular dysfunction with modifications. A
definition of patients “at risk for PARDS” was also included
with an aim to better understand disease progression and to
potentially prevent PARDS in the future [5••].

This is not meant to be an exhaustive review of PARDS
clinical trials and current management. Rather, recent litera-
ture in PARDS using the Berlin and PALICC definitions will
be highlighted (Table 2). Several studies using the AECC
definition or respiratory failure as inclusion criteria will also

Table 1 Evolution of ARDS definition in pediatrics

AECC [3] Berlin [4] PALICC [5••]

Age Excludes perinatal-related lung disease

Timing Acute onset Within 1 week of known clinical
insult, or new or worsening
respiratory symptoms

Within 7 days of known clinical insult

Origin
of edema

PAWP ≤ 18 mmHg when
measured, or no clinical
evidence of left atrial
hypertension

• Respiratory failure not fully
explained by cardiac failure
or fluid overload

• Need objective assessment
(e.g., echocardiogram) to
exclude hydrostatic edema if no
risk factor present

Respiratory failure not fully
explained by cardiac failure
or fluid overload

Chest
imaging

Bilateral infiltrates
on frontal CXR

Bilateral opacities on CXR or CT,
not fully explained by effusions,
lobar/lung collapse, or nodules

Chest imaging findings of new infiltrate(s)
consistent with acute pulmonary
parenchymal disease

Oxygenation

Severe ARDS: PaO2/FiO2 ≤ 200 mmHg
(regardless of PEEP)

PaO2/FiO2 ≤ 100 mmHg
with PEEP ≥ 5 cm H2O

OI ≥ 16, or OSIb ≥ 12.3

Moderate 100 mmHg < PaO2/FiO2

≤ 200 mmHg with PEEP
≥ 5 cm H2O

8 ≤ OI < 16, or 7.5 ≤ OSI < 12.3

Mild ALI: PaO2/FiO2 ≤ 300 mmHg
(regardless of PEEP)

200 mmHg < PaO2/FiO2

≤ 300 mmHg with PEEP ≥ 5 cm
H2O

4 ≤ OI < 8, or 5 ≤ OSI < 7.5

Non-invasive
ventilation

Mild: 200 mmHg < PaO2/FiO2

≤ 300 mmHg with CPAP ≥ 5 cm
H2O

No severity stratification:
PaO2/FiO2 ≤ 300 or SpO2/FiO2

a ≤ 264
Full face-mask bi-level ventilation,

or CPAP ≥ 5 cm H2O

Special
populations

Cyanotic heart disease, chronic lung disease,
left ventricular dysfunction must meet
criteria above and oxygenation defect must not be
explained by underlying illness

PAWP pulmonary artery wedge pressure, CXR chest radiograph, CT computed tomography scan, CPAP continuous positive airway pressure, OI
oxygenation index
a To calculate SpO2/FiO2 when PaO2 is not available, wean FiO2 to maintain SpO2 ≤ 97%
bTo calculate OSI when PaO2 is not available, wean FiO2 to maintain SpO2 ≤ 97% (OSI = [FiO2 × mean airway pressure × 100] / PaO2)
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be reviewed, as few studies have been published to date using
the Berlin and PALICC definitions. Finally, we will discuss
recent developments in the study of juvenile animal models of
PARDS.

PARDS vs. ARDS

Infants are born with ~ 50 million alveoli which increase to
200–300 million in the adult lung. The majority of
alveolarization occurs during the first 2 years of life.
Pulmonary microvasculature maturation, including the forma-
tion of a single capillary from two in the alveolar septum,
continues for 2–3 years. By age 3, the human lung resembles
that of a “small adult” [14–16]. A large number of PARDS
cases occur in the first 2–3 years of life [17]. The continuing
development and growth potential could aid in resolution and
regeneration following PARDS, but could also place the pe-
diatric lung at risk of damage lasting into adulthood [14].

The incidence of PARDS is 2–12.8 per 100,000 person-
years, compared to 17.9–81 per 100,000 person-years in adult
ARDS. While pneumonia is the most common cause of
PARDS, sepsis is the most common cause of ARDS in adults.
In children, viral pneumonias are more prominent than in
adults [14, 17, 18]. Physiologically, the innate immune system
of children differs from that of adults. Neutrophils and mac-
rophages have limited chemotactic ability in children. In vitro,
neonatal neutrophils, monocytes, and whole cord blood show
decreased production of tumor necrosis factor (TNF)-α, IL-
1β interleukin (IL)-1β, and IL-12 in response to lipopolysac-
charide (LPS) [19]. These factors may contribute to an in-
crease in pneumonia as a cause of PARDS.

Children with PARDS are managed differently from adults
with ARDS, with a relative decrease in the use of invasive
monitoring (e.g., arterial lines), increase in non-invasive me-
chanical ventilation, increase of high-frequency oscillatory
ventilation (HFOV), and use of lower PEEP [17, 20].
Younger children and infants may also receive increased se-
dation compared to adults, possibly resulting in decreased

Table 2 Clinical studies using Berlin and/or PALICC definitions in children

Study Use of Berlin definition Use of PALICC definition Brief summary

Yehya 2015 [6] Met criteria
(AECC used as inclusion screen)

Met criteria • Observational, single-center study
• Corticosteroid exposure for > 24 h with

mechanical ventilation was associated
with fewer VFD and longer duration of
ventilation in survivors

Yehya 2015 [7] Met criteria
(AECC used as inclusion screen)

No • Prospective, observational, single-center study
• PaO2/FiO2 and OI 24 h after meeting ARDS

criteria stratified mortality, VFD, and duration
of ventilation in survivors

Bateman 2016 [8] No Stratified by PALICC
in subgroup analysis

• Secondary propensity score analysis
• HFOV within 24–28 h of endotracheal intubation

was associated with longer duration of mechanical
ventilation and increased mortality compared to
conventional mechanical ventilation and/or late use of HFOV

Guo 2016 [9•] No Used as inclusion screen • Retrospective, observational study
• Increased duration of mechanical ventilation in

children receiving HFOV compared to conventional
mechanical ventilation

Yehya 2016 [10] Used as inclusion
screen

Met criteria • Prospective, observational, single-center study
• Levels of Ang-2 and sRAGE were associated with

PICU mortality

Yehya 2016 [11] Used as inclusion
screen

Met criteria • Prospective, observational, single-center study
• Plasma nucleosome levels correlated with mortality,

non-pulmonary organ failures, and worsening PaO2/FiO2

Schneider 2017 [12] No Stratified by PALICC
in subgroup analysis

• Secondary analysis
• ECMO patients had more sedation withdrawal then

matched controls with moderate to severe PARDS

Yehya 2017 [13] Met criteria
(AECC used as inclusion screen)

No • Prospective, observational cohort study
• PaO2/FiO2 and ΔPaO2/FiO2 24 h after ARDS onset

correlated with mortality

AECCAmerican-European Consensus Conference, PALICC Pediatric Acute Lung Injury Consensus Conference,VFD ventilator-free days,HFOV high-
frequency oscillatory ventilation,Ang-2 angiopoietin-2, sRAGE soluble receptor for advanced glycation end products,PICU pediatric intensive care unit,
ECMO extra corporeal membrane oxygenation

230 Curr Pediatr Rep (2017) 5:228–236



early mobility, increased delirium, and increased rates of neu-
ropathy and myopathy [21].

Oxygenation as a Predictor of Mortality

The mortality rate for children with PARDS is less than that of
adults with ARDS [5••, 13]. However, the burden of PARDS
in the pediatric intensive care unit (PICU) is significant, as
8.3% of all mechanically ventilated patients in the PICU meet
the AECC definition of ARDS [17, 20]. Children with
PARDS are a heterogeneous population, and negative prog-
nostic risk factors include preexisting immunodeficiency,
multisystem organ failure, non-pulmonary sepsis, lower
PaO2/FiO2, and higher OI [7, 16, 22, 23]. Indeed, a minimum
PaO2/FiO2 less than 53 predicts a risk of death greater than
70.5%, and a maximum OI greater than 53.5 predicts a risk of
death greater than 80% [22, 24].

Clinical studies in the era of the Berlin and PARDS defini-
tions show a decreasing mortality rate from 18 to 35% to 10–
15% [5••, 13, 25]. The ability of the Berlin and PALICC
definitions to discriminate mortality in children was addressed
in a prospective, observational, single-center trial of 283 chil-
dren who were mechanically ventilated and met the Berlin
definition for ARDS. The mortality rate in this trial was
13%. The authors found that both PaO2/FiO2 and OI mea-
sured 24 h after meeting ARDS criteria could discriminate
mortality. Using PaO2/FiO2, patients with severe ARDS had
a mortality rate of 37%, those with moderate ARDS had a
mortality rate of 18%, and those with mild ARDS had a mor-
tality rate of 8% (mortality area under the curve 0.684,
P < 0.001). Using OI, patients with severe ARDS had a mor-
tality rate of 28%, those with moderate ARDS had a mortality
rate of 16%, and those with mild ARDS had a mortality rate of
9% (mortality area under the curve 0.661, P = 0.002) [7].

The advent of lung-protective ventilation has led to im-
provements in mortality in pediatric and adult patients with
ARDS [26–28]. More recently, driving pressure (ΔP) has
emerged as a predictor of mortality in adults with ARDS
[29]. However, in a prospective, observational cohort study
of 352 mechanically ventilated children meeting the Berlin
definition of ARDS, PaO2/FiO2 24 h after ARDS onset and
change in PaO2/FiO2 over the first 24 h were associated with
mortality in multivariable logistic regression. Peak inspiratory
pressure, PEEP, driving pressure, and dynamic compliance
were not associated with mortality, suggesting that oxygena-
tion may be a better predictor of mortality in children with
ARDS [13].

These findings are consistent with a 2005 study by Flori
et al. [30], which suggested the initial severity of hypoxemia is
more predictive of mortality in children than in adults. In the
future, early identification and risk stratification of children

with PARDS may present an opportunity to intervene with
potential therapies before disease progression.

Protocolized Sedation

The dangers of oversedation have been recognized in adult
intensive care, leading to a more diligent approach to address-
ing pain and sedation, including the use of sedation scales, and
evaluation for and management of delirium [31]. Addressing
pain and sedation in infants and children presents challenges,
considering the inability to reason with younger children, and
the difficulties in assessing delirium. This can create a culture
of oversedation in the PICU.

The RESTORE (Randomized Evaluation of Sedation
Titration for Respiratory Failure) trial examined the benefits
of a protocol for the management of sedation in mechanically
ventilated pediatric patients. The RESTORE trial was a large,
cluster-randomized trial that enrolled a total of 2449 pediatric
patients with respiratory failure in 17 intervention PICUs and
14 control PICUs [21]. The intervention PICUs used a nurse-
implemented, goal-directed algorithm to guide sedation. Of
note, only a subset of these patients met the PALICC definition,
but several secondary analyses of PARDS patients have come
of out this study. Seven hundred and fifty-three (61.5%) of the
patients in the protocol group and 764 (62.4%) of the control
patients receiving usual care had mild, moderate, or severe
PARDS. The primary outcome, duration of mechanical venti-
lation, showed no difference between the two groups. No dif-
ference was observed in adverse events such as unplanned
extubation, unplanned removal of invasive tubes and lines, in-
adequate pain and sedation management, and iatrogenic
withdrawal.

One secondary analysis of the RESTORE data examined 61
patients that received extracorporeal membrane oxygenation
(ECMO) for moderate to severe PARDS. This analysis showed
that patients managed with ECMO had more withdrawal than
matched controls with moderate to severe PARDS who were
not managed with ECMO. ECMO patients that were random-
ized to the protocolized sedation received a lower cumulative
dose of opioids than ECMO patients who received usual care,
and had no observed differences in wakefulness and agitation
[12]. This analysis suggests that patients receiving ECMO for
PARDS are at risk for oversedation and the consequences there-
of, and may benefit from a sedation protocol.

High-Frequency Oscillatory Ventilation

HFOV is mode of ventilation used to improve oxygenation
through the use of high mean airway pressures and delivery
of very small tidal volumes at very high rates. In 2013, two
large clinical trials essentially ended the use of HFOV in
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ARDS in adults. The OSCILLATE (Oscillation for Acute
Respiratory Distress Syndrome Treated Early) trial was a ran-
domized control trial of 548 adults with new-onset moderate to
severe ARDS. TheHFOVgroup had a higher rate of in-hospital
mortality (47%), compared to the control group that received
low tidal volume, high PEEP ventilation by conventional ven-
tilator (35%). This difference was despite similar oxygenation
and compliance between the groups before HFOV was initiat-
ed. Patients receiving HFOValso received higher doses of ben-
zodiazepines, more frequent neuromuscular blockade, and va-
soactive drugs compared to controls. The trial was stopped
early due to a consistent finding of increased mortality in the
HFOV group, and a desire to avoid putting patients at risk with
little likelihood of benefit. The OSCILLATE authors noted that
studies terminated on the basis of harm are more likely to over-
estimate the magnitude of harm, but that HFOV was at best
unlikely to decrease mortality [32]. The OSCAR (Oscillation in
ARDS) trial of 795 adults with moderate to severe ARDS ran-
domized to receive HFOVor conventional ventilation showed
no difference inmortality between the two groups [33]. Thus, in
adults with moderate to severe ARDS, HFOV is not beneficial
and may be associated with increased mortality.

HFOV has been associated with improvements in oxygen-
ation in children with respiratory failure and ARDS [34–36],
but not an improvement in mortality [37]. Bateman and col-
leagues performed a secondary propensity score analysis of
the RESTORE data to compare outcomes in pediatric patients
receiving HFOV within 24–48 h of endotracheal intubation
(early HFOV) with those receiving conventional mechanical
ventilation or HFOVat a later time. Early HFOV was associ-
ated with longer duration of mechanical ventilation and an
increase in mortality, when adjusted for risk quintile [8].
RESTORE patients were stratified according to PARDS se-
verity categories. It should be noted, however, that the control
group receiving conventional mechanical ventilation and/or
late HFOV also included patients who were “at risk for
PARDS,” comprising 17% of the control group, likely biased
the results against the early HFOV group.

Separately, a retrospective, observational study of 48 chil-
dren with PARDS also showed increased duration of mechan-
ical ventilation in children with PARDS (PALICC definition)
who received HFOV compared to those receiving convention-
al mechanical ventilation. No increased risk of mortality was
seen. The HFOV group showed improved PaO2/FiO2, OI,
PaCO2, PaO2, but an increased PICU length of stay [9•]. In
the absence of a randomized control trial, HFOV continues to
be used as a rescue therapy for PARDS.

Adjunct Therapies: Surfactant and Corticosteroids

As surfactant is both deficient and dysfunctional in PARDS,
several recent studies have considered the utility of surfactant

treatment [38]. Instillation of calf lung surfactant extract
(calfactant) had been shown to decrease duration of mechan-
ical ventilation and PICU length of stay in children with acute
hypoxemic respiratory failure [39]. A randomized trial using
bovine surfactant to treat children meeting the AECC defini-
tion for ARDS noted a brief initial improvement in P/F, but the
improvement was only sustained in patients with P/F > 65
[40]. A randomized blinded multicenter trial of calfactant in
153 children with ALI showed a significant decrease in in-
hospital mortality and decrease in OI in those receiving
calfactant versus air placebo. However, no improvement in
duration of mechanical ventilation, ICU length of stay, or hos-
pital stay was observed [41].

Direct causes of ARDS are those that originate on the al-
veolar side of the alveolar-capillary barrier, including pneu-
monia and aspiration. Indirect causes of ARDS originate on
the vascular side of the alveolar-capillary barrier and include
sepsis and transfusion-related acute lung injury (TRALI) [42].
Recently, 110 children meeting the AECC definition for ALI
and ARDS caused by direct lung injury were randomized to
receive calfactant or air placebo within 48 h of beginning
mechanical ventilation. The groups showed no difference in
the primary outcome, all-cause mortality at 90 days. Indeed,
the calfactant group had fewer hospital-free days at 28 days
than the placebo group [43]. Both this study and its adult arm
[44] were halted by the pharmaceutical sponsor for futility.

Trials examining corticosteroid use in ARDS have not sug-
gested improvement in outcomes, and the PALICC group did
not recommend corticosteroids as routine therapy for PARDS
[45••]. A single-center, observational study of 283 children
meeting AECC, Berlin, and PALICC criteria for ALI/ARDS
assessed the association between corticosteroid use and out-
comes. Sixty percent of the patients received corticosteroids
for greater than 24 h while being mechanically ventilated. In
multivariate and propensity score adjusted analyses, cortico-
steroid exposure was associated with fewer ventilator-free
days at 28 days and longer duration of mechanical ventilation
in survivors, and not associated with a difference in mortality
[6].

On the Horizon in PARDS: Biomarkers, Genetics,
and Subphenotypes

In ARDS, hyperpermeability of the endothelial and epithelial
barriers results in the accumulation of proteinaceous fluid in
the alveolar airspace [28, 46]. The activation of the innate and
adaptive immune systems is necessary for pathogen contain-
ment and recovery from lung injury. However, dysregulation
of inflammation can also contribute to the pathogenesis of
ARDS [28]. The immaturity of the innate immune system in
infants and young children may change the contribution of
inflammation to pathogenesis, as well as contribute to
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heterogeneity in the PARDS population. Biomarkers from se-
rum or bronchioalveolar lavage (BAL) fluid have the potential
to inform our knowledge of the pathological mechanisms of
PARDS, risk-stratify patients, and guide personalized thera-
pies [47].

In a recent multicenter prospective observational cohort
study of 243 pediatric patients in 5 PICUs meeting the
AECC definition, plasma soluble thrombomodulin (sTM), a
transmembrane protein highly expressed in alveolar endothe-
lium, was measured within 24 h of ARDS diagnosis. The
authors found higher levels of plasma sTM in patients with
ARDS resulting from indirect etiologies compared to direct
etiologies (P = 0.02). Increased organ dysfunction, as mea-
sured by pediatric logistic organ dysfunction (PELOD) score,
was noted in patients with higher sTM levels (P < 0.01).
Finally, sTM levels were associated with increased ICU mor-
tality (P = 0.02) [48], presenting a potential marker for
prognostication.

Another marker of endothelial injury, angiopoietin-2 (Ang-
2), was also shown to associate with PARDS mortality in two
recent studies. A prospective cohort study of 259 patients
< 18 years old meeting the AECC definition were enrolled,
and plasma Ang-2 levels were checked on days 1 and 3 of
ARDS diagnosis. Ang-2 levels were associated with PICU
mortality independent of age, sex, race, and PaO2/FiO2 in
regression analysis (P = 0.027). The association of elevated
Ang-2 and mortality was more pronounced in a cohort of
patients with a history of hematopoietic stem cell transplant
(P = 0.028) [49]. In a single-center, prospective observational
study of 82 children meeting the Berlin definition, levels of
Ang-2 and soluble receptor for advanced glycation end prod-
ucts (sRAGE), a marker of alveolar type I epithelial cell dam-
age, were associated with PICU mortality (P < 0.01 for both).
Levels of both Ang-2 and sRAGE correlated with number of
non-pulmonary organ failures (P < 0.001). In stratified analy-
sis, Ang-2 and sRAGE were associated with mortality in
ARDS resulting from direct lung injury and in immunocom-
petent children [10].

Recently, plasma nucleosomes were shown to associate
with mortality in a single-center, prospective, observational
study of 76 children meeting the Berlin definition.
Nucleosomes, markers of cellular damage and chromatin deg-
radation, were measured in plasma within 48 h of ARDS
diagnosis. Nucleosome levels correlated with mortality
(P < 0.001), increasing number of non-pulmonary organ fail-
ures (P = 0.009), and worsening PaO2/FiO2 (P = 0.012). The
association of nucleosome levels and mortality was indepen-
dent of age, severity of illness, number of non-pulmonary
organ failures, vasopressor score, or PaO2/FiO2 in regression
analysis. There was no association with nucleosome levels
and etiology of ARDS, nor was there an association with
severity of illness as defined by Berlin or PALICC oxygena-
tion categories [11].

Whole exome sequencing (WES) of children with severe
PARDS may reveal gene defects that underlie the heterogene-
ity among patients. Recent WES of an otherwise healthy girl
who developed severe ARDS in response to H1N1 influenza
revealed a compound heterozygous null mutation in the tran-
scription factor interferon regulatory factor 7 [50•]. In addi-
tion, WES of 96 adult ARDS patients revealed 76 potentially
novel single nucleotide polymorphisms (SNPs) in 65 genes
that were associated with ARDS susceptibility [51]. This tech-
nology applied to PARDS has the potential to lead to new
mechanistic insights, discovery of new biomarkers, and/or
patient-specific therapies (i.e., precision medicine).

A recent analysis of two large randomized controlled trials
of adult ARDS patients (ARMA and ALVEOLI trials: 1022
total patients) revealed a “hyperinflammatory” subphenotype
of ARDS. Patients with this subphenotype had a higher prev-
alence of sepsis, with higher vasopressor use, lower serum
bicarbonate, and higher plasma levels of pro-inflammatory
cytokines (IL-6, IL-8, and TNF-α). They also had double
the mortality rate. The use of high levels of PEEP in these
patients was associated with lower mortality [52]. Future
PARDS management may rely on the identification of
subphenotypes in pediatric patients who will benefit from dif-
ferent treatment strategies.

Juvenile Animal Studies on High Tidal Volume
Ventilation

The lack of specific therapy for PARDS highlights the need
for a mechanistic understanding of lung injury that leads to
PARDS. However, there remains a dearth of basic science
studies examining lung injury in juvenile animals. The rat
lung is slightly less mature than the human lung at birth, pro-
viding a reasonable model for postnatal lung development
[15].

Sly and colleagues subjected infant (2 weeks old) Piebald-
Virol-Glaxo rats to aspiration of hydrochloric acid or saline,
followed by ventilation with high tidal volume with low PEEP
(21 ml/kg, 1 cm H2O) or low tidal volume with high PEEP
(7 ml/kg, 3 cm H2O). Lung injury, as measured by broncho-
alveolar lavage (BAL) protein and histological lung injury
scores, was no different in the groups subjected to different
ventilations strategies, in contrast with studies in adult rodent
lungs [53]. Separately, male RCCHan Wistar rats stratified in
four different age groups—infant (15 days old), juvenile
(37 days old), adult (4 months old), and elderly (19.5 months
old)—were subjected to intra-tracheal LPS installation and/or
high tidal volume (15 ml/kg) ventilation. Lungs were then
scored histologically for lung injury, and BAL protein and
IL-6 and CXCL2 levels were measured. Overall, an increase
in lung injury with age was noted in response to ventilation,
LPS, or both. Lung injury was more dependent on LPS
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exposure than high tidal volume ventilation. Elderly rats were
more affected by high tidal volume ventilation [54]. These
two studies suggest a relative protection of juvenile animals
from lung injury associatedwith high tidal volume ventilation.
Infants do have more compliant chest walls with less elastic
recoil [25], but this could make infant lungs more susceptible
to volutrauma associated with high tidal volume ventilation.
The relative protection of juvenile animals from high tidal
volume ventilation is an intriguing finding, but further mech-
anistic studies are needed.

Conclusions

The impact of the PALICC definition of PARDS is yet to be
determined. The challenges of undertaking clinical research
studies in PARDS remain substantial. However, the differ-
ences in children in etiology, management, and outcomes,
and now, the very definition of PARDS, underline the need
for pediatric-specific studies. The use of mortality rate as an
outcome measure is nearly impossible, given the low mortal-
ity rate of PARDS [13, 25]. The inclusion of children with
chronic lung disease, congenital heart disease, and left ven-
tricular dysfunction in the PARDS definition [5••] may in-
crease the relative mortality of study populations, but the im-
pact of their inclusion on population heterogeneity must be
considered. The use of ventilator-free days as an outcome can
be potentially complicated by the allowance of non-invasive
ventilatory support in the PARDS definition [55]. There is a
need for international consortia such as PALISI and the
European Society of Pediatric and Neonatal Intensive Care
(ESPNIC) to come together for multicenter trials to increase
the numbers of enrollees [56] and avoid the common prema-
ture termination of clinical trials in children with ARDS [43,
57]. An increasing distinction between direct and indirect
causes of ARDS is emerging in the literature [10, 41, 43,
48]. However, it is unclear to what extent the cellular mecha-
nisms of direct and indirect ARDS differ. Further understand-
ing of the pathophysiology of PARDS through (1) translation-
al study of biomarkers, exome sequencing, and subpheno-
types and (2) mechanistic studies in juvenile animals could
lead to improvements in prognostication and personalized
management of PARDS in the future.
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