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In the original description of what Ashbaugh and 
colleagues described as “the acute respiratory 
distress syndrome in adults” in 1967, special 
attention was paid to the inciting illness or injury 
(e.g., severe trauma, viral infection, acute pancre-
atitis) and possible contributing factors (e.g., 
hypotension, acidosis, fluid overload) [1]. 
Interestingly, of the 12 patients that Ashbaugh 
and colleagues described in that article, 4 of the 
12 were aged 19 years or younger and may have 
been managed in pediatric critical care units 
today. That initial description has since evolved 
into the American European Consensus 
Conference (AECC) definition in 1994 and then 
the current Berlin definition of ARDS for adults 
and the Pediatric Acute Lung Injury Consensus 
Conference (PALICC) definition of pediatric 
ARDS (PARDS) [2–4]. Throughout these itera-
tions, much attention continues to be paid toward 
understanding what conditions place patients at 
particular risk for ARDS development and what 
conditions contribute to worse ARDS clinical 
outcomes. This intense work is imperative in 
order to identify potentially modifiable factors 
that would decrease risk, improve monitoring of 
at-risk patients to prevent precipitous deteriora-

tion, and ultimately determine more personalized 
and precise approaches to management of those 
at highest risk or those with ARDS once 
established.

Risk factors associated with acute respiratory 
distress syndrome, whether in adults (ARDS) or 
pediatrics (PARDS), traditionally and originally 
consisted of the diagnoses most often associated 
with ARDS or PARDS development. This chapter 
takes these diagnoses into great account. 
Fortunately, this field of research has expanded to 
include relevant comorbidities associated with 
ARDS/PARDS development and/or severity. As 
the last 30 years have yielded important under-
standing into the pathobiology of ARDS/PARDS 
(see Chap. 3), so too have biological markers 
(aka biomarkers) and markers associated with 
genetic risk of ARDS/PARDS come to the fore-
front. Finally, discussions of ARDS/PARDS risk 
factors must inevitably dissect out whether the 
risk factors are associated with the development 
of ARDS/PARDS, and thereby factors impacting 
those patients at risk of ARDS/PARDS develop-
ment, as well as those factors associated with bet-
ter or worse clinical outcome once ARDS/
PARDS has been established.

Finally, much of this work has now demanded 
that both clinicians and researchers refine our 
discourse to further acknowledge that, as a syn-
drome, certain subgroups of patients, oft termed 
endotypes or sub-phenotypes, must exist that 
ultimately can be at inherently greater risk of dis-
ease and/or have unique pathophysiological 
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responses that may make these subgroups of 
patients more or less able to respond to certain 
treatment strategies. Accordingly, prognostic risk 
factors describe factors associated with sub-
groups of patients at inherently greater risk of 
ARDS/PARDS, whereas predictive risk factors 
identify subgroups of patients that are at greater/
lesser likelihood of responding to certain treat-
ment strategies based on inherent differences in 
their underlying pathophysiologic responses to 
illness/injury.

This chapter is intended to address all the 
areas outlined previously. These aspects inevita-
bly dovetail significantly with (a) the epidemiol-
ogy of PARDS, (b) pathophysiology of PARDS, 
and (c) relevant clinical outcomes of PARDS 
patients, both short and long term, each of which 
are covered in separate chapters in this book.

�Identifying Patients at Risk

Identifying risk factors and understanding which 
patients are at risk for developing ARDS is sig-
nificantly important to be able to develop preven-
tative and early interventions. The US Critical 
Illness and Injury Trials Group (USCIIT): Lung 
Injury Prevention Study Investigators in 2013 
developed a Lung Injury Prediction Score (LIPS) 
to identify patients at high risk for development 
of acute lung injury [5]. USCIIT researchers 
combined predisposing conditions (e.g., high-
risk trauma, high-risk surgery, aspiration, sepsis, 
shock, and pneumonia) with risk modifiers such 
as alcohol abuse, acidosis, tachypnea, and FiO2 
greater than 0.35 to create this scoring system. 
The scoring system was able to identify patients 
at risk of developing ALI using a cutoff score of 
4, with a positive likelihood ratio of 3.1 (95% CI 
2.9–3.4) and a negative likelihood ratio of 0.4 
(95% CI 0.3–0.5).

Similarly, with increasing use of noninvasive 
mechanical ventilation, both clinicians and 
researchers have wisely recognized that ARDS 
pathophysiology may begin before the onset of 
invasive mechanical ventilation, and identifica-
tion of those patients before severe hypoxemia 
develops may be associated with improved sur-
vival [6, 7]. Accordingly, the PALICC authors 

also noted the importance of identifying pediatric 
patients earlier and proposed a definition for 
patients “at risk” of PARDS which requires new 
pulmonary infiltrates on chest radiograph within 
seven days of a “known clinical insult” and sup-
plemental oxygen requirement delivered via an 
invasive or noninvasive mechanism that does not 
meet OI or OSI criteria for PARDS [8]. This “at 
risk” population will certainly be an ongoing and 
future target for research into prevention and risk 
modification in PARDS.

�Comorbidities Associated 
with PARDS Development

�Immunodeficiency

It has been long understood that both adult and 
pediatric patients with preexisting immunodefi-
ciency are at increased risk of both development 
of ARDS and worse outcomes after ARDS [9]. In 
the largest ARDS epidemiologic study in adults 
(LUNG SAFE), 20.8% of patients with ARDS 
were identified as having some form of immuno-
compromised state [10]. These patients had pro-
portionally more infections as the etiology of the 
ARDS and had worse outcomes, including higher 
ICU and hospital mortality. In pediatrics, much 
of the early data on immunodeficiency came 
from human immunodeficiency virus (HIV). 
Most recently, Dr. Kitchin and colleagues pub-
lished their experience in 90 children with HIV 
admitted to the PICU in South Africa meeting 
AECC criteria in 2008–2009 in which the authors 
identify high rates of opportunistic infections 
(33% with P. jirovecii, 38% with cytomegalovi-
rus) and overall 30% mortality [11]. Another sig-
nificant population with immune dysfunction is 
patients with cancer or immunosuppression 
related to chemotherapy. In the Pediatric Acute 
Respiratory Distress syndrome Incidence and 
Epidemiology study (PARDIE), 8% of all 
PARDS patients were identified as having cancer 
and 13% had immune suppression [12]. The out-
comes for the groups were a disheartening 51% 
and 46% mortality, respectively. Dr. Rowan and 
colleagues have focused on the outcomes of 
hematopoietic stem cell transplant (HSCT) 
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patients in the ICU (see Chap. 15). Their work 
has shown that HSCT patients who have respira-
tory failure often meet PARDS criteria (91% in 
the first week of mechanical ventilation) and their 
disease is often severe, with longer ventilation 
courses and increased mortality [13, 14].

�Weight Extremes

There seems to be an interesting interplay 
between ARDS and body habitus in both adults 
and children. Results from the 2011–2012 
National Health and Nutrition Examination 
Survey (NHANES) indicate that 3.5% of chil-
dren and adolescents in the United States are 
underweight and 31.8% are overweight or obese 
[15, 16]. Both represent states of malnutrition 
and are known to be associated with a variety of 
comorbidities. Increasing BMI has been shown 
to be independently associated with increased 
risk of ARDS development. Further, while under-
weight adults with ARDS have high rates of mor-
tality, obese individuals, particularly those with 
established ARDS, require longer intensive care 
unit (ICU) and hospital stays (LOS), but exhibit 
the lowest risk of in-hospital mortality when 
compared to other weight categories [17]. This 
has come to be known as the “obesity paradox.” 
This “obesity paradox” has been reported in 
adults with sepsis or ARDS [18]. Obese individu-
als, who exhibit chronic inflammation and endo-
thelial activation, surprisingly have reduced 
systemic inflammatory response with ARDS 
compared to those of normal weight [19], sug-
gesting a possible protective attenuation of the 
immune response to critical illness [19]. In a 
cohort of 330 subjects, Ward and colleagues 
found that 28% of PARDS patients were obese, 
and the obesity paradox was observed in those 
whose PARDS was due to systemic illness [20]. 
Not surprisingly, the underweight exhibited the 
highest odds of in-hospital death.

�Environmental Factors

Because of the acute onset and often clear cata-
strophic trigger, such as septic shock or major 

trauma, the importance of the environment and 
patient’s air quality on ARDS development can be 
inappropriately discounted, unlike in disease pro-
cesses such as asthma or chronic obstructive pul-
monary disease. However, adult ARDS has been 
clearly shown to be affected by cigarette smoking, 
so it is not unreasonable to think that environmen-
tal smoke exposure could affect PARDS.  In the 
adult ARDS population, Dr. Calfee and colleagues 
demonstrated that cigarette smoking by history 
and a biomarker of smoke exposure, 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol, 
were each associated with the development of 
ARDS in patients with sepsis [21]. Impaired fluid 
clearance, epithelial and endothelial effects, and 
immune modulation could all underlie this effect 
[21]. In an allied study, Reilly and colleagues 
studied 996 critically ill adult trauma patients in 
conjunction with air quality metrics in the 6 weeks 
prior to presentation. Interestingly, nitrogen diox-
ide, sulfur dioxide, and particulate matter 
<2.5 micrometers over the 6 weeks were signifi-
cantly associated with ARDS development [22]. 
Further investigation into PARDS may reveal 
other predisposing environmental factors includ-
ing environmental smoke exposure and ambient 
air pollution as risk factors for development of or 
more serious PARDS [23].

�Age/Gender/Race and Ethnicity

It is well known that the immune system devel-
ops and assumes more complexity with age [24–
26], and that children represent a more 
heterogenous patient population compared to 
adults with regard to predisposing conditions, eti-
ology, and response to therapy [27]. The exact 
impact of age on risk of development of ARDS 
and severity of ARDS remains incompletely elu-
cidated. Nonetheless, epidemiologic studies to 
date do not consistently endorse differential 
PARDS outcomes based on age, with some 
suggesting increasing risk with older age, but 
most studies suggesting no association of age 
with PARDS outcome [7, 9]. Similarly, these 
studies also do not show any differential risk of 
worse clinical outcomes with either male or 
female gender.
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Similarly, risk factors for outcomes of ARDS 
patients from different racial and ethnic back-
grounds are also incompletely investigated. Adult 
studies suggest increased risk of death in some 
African American and Hispanic ARDS cohorts 
[28] and differential response to treatments, as 
was determined post hoc in the NIH-funded Fluid 
and Catheter Treatment Trial [29]. Pediatric stud-
ies of PARDS patients, likely because of limited 
study size, have not consistently observed 
increased risk within racial or ethnic groups 
either. While the PARDIE study results did not 
indicate increased risk of death across different 
racial groups, mortality was significantly higher 
in Hispanic cohorts (24.4%) compared with non-
Hispanic patients (14.8%) or those with other 
ethnicity (14.4%, p = 0.013) [12]. Finally, these 
studies do not address the racial or ethnic impact 
on the risks of development of ARDS or PARDS, 
which may have an entirely different risk profile 
and may better be studied from a genetic risk per-
spective. As an example, Dahmer and colleagues 
have determined genetic polymorphisms in the 
genes of factors involved in the splicing cystic 
fibrosis transmembrane regulator conductance 
associated with increased risk of pneumonia-
associated PARDS development in African 
American and non-Hispanic Caucasian children 
[30]. Again, this area is likely to be more com-
pletely examined in the years to come.

�Genetic Factors

Investigations focusing on the genetic contribu-
tion to PARDS development are inherently 
fraught with challenges including, but not limited 
to, (a) the wide array of disease states associated 
with PARDS development; (b) the PARDS diag-
nosis itself, by definition, being a syndrome 
rather than a clearly defined entity with a proven 
diagnostic confirmatory test; and (c) the large 
number of patients required to complete genomic 
studies with adequate power. That said, genomic 
approaches offer promising opportunities to 
identify novel mechanistic pathways of disease 
that may offer pharmacologic or other therapeu-
tic targets in the future. Certainly, as latent class 

analytic strategies identify sub-phenotypes of 
ARDS patients with differential risk of response 
to therapy or distinct clinical outcomes, investi-
gations of genetic variants may offer areas of 
common biology within sub-phenotypes or may 
identify previously unidentified sub-phenotypes. 
To date, although multiple single-nucleotide 
polymorphisms (SNPs) have been identified with 
some association to ARDS risk, almost all studies 
have been done in adults. Not surprisingly, repro-
ducibility has been problematic. The most nota-
ble functional variants identified to date are 
variants encoding angiotensin-converting 
enzyme (ACE) and surfactant protein B (SFTPB), 
with the most potentially pharmacologically tar-
getable SNPs identified to date being angiopoi-
etin-2 (ANGPT2) and IL-1 receptor antagonist 
(IL1RN) [31]. To confirm the functional signifi-
cance of dysregulated coagulation in contributing 
to worse outcome in ARDS, genetic studies from 
patients enrolled in the adult ARDSnet Fluid and 
Catheter Treatment Trial reported that genetic 
variants in thrombomodulin and endothelial pro-
tein C receptor genes were independently associ-
ated with mortality, independent of treatment 
trial allocation [32]. The finding that the IL1RN 
coding variant is associated with decreased risk 
of ARDS in adults supports the understanding 
that IL-1beta and other IL-1 pathway cytokines 
are causally implicated in ARDS risk [33]. 
However, in a study of 549 children with acute 
respiratory failure, Dahmer and colleagues were 
unable to identify genetic variants in the IL-1 
pathway genes that were associated with PARDS 
[34]. Initiated in 2012, NHLBI hosted an exome 
sequencing project that includes an investigation 
of 45,000 SNPs from the exomes of adults with 
ARDS and healthy controls. Through this proj-
ect, the regulatory gene arylsulfatase D (ASRD) 
was identified to be present in 22% of adults with 
ARDS and 4% of controls, and a protein coding 
gene, XK Kell blood group complex member 3 
(XKR3), was present with a minor allele fre-
quency of 37% in ARDS patients and 4% of con-
trols [35]. More is certain to come.

Although many investigations are currently 
underway, far fewer publications exist on the 
genetic associations in established PARDS 
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patients or patients at risk for PARDS. Wei and 
colleagues identified linkage disequilibrium and 
different allelic or genotypic frequencies in nitric 
oxide synthesis 3 polymorphisms measured in 
216 PARDS patients in comparison to 225 
healthy controls [36]. As mentioned earlier, 
Perez-Marquez, Dahmer, and colleagues deter-
mined potential racial and ethnic contributions 
to PARDS development in pediatric patients 
with community-acquired pneumonia [30]. 
Specifically, this group identified 5 variants in 
cystic fibrosis transmembrane conductance regu-
lator (CFTR) splicing factor genes independently 
associated with PARDS in African American 
children without cystic fibrosis but with PARDS 
secondary to community-acquired pneumonia. 
An additional variant was identified in non-
Hispanic Caucasian children, also without cystic 
fibrosis, that was associated with increased risk 
of PARDS development. CFTR, a chloride chan-
nel in alveolar epithelial cells, has long been 
understood to be integral to maintenance of fluid 
homeostasis in the lung and impaired during 
ARDS as alveolar epithelial cell injury 
propagates.

�Etiologies Associated with PARDS 
Development

Not surprisingly, more research has been com-
pleted into the risk factors associated with the 
development of ARDS in adults compared to 
pediatric populations. Diagnoses most com-
monly associated with adult ARDS include pneu-
monia, extrapulmonary sepsis, aspiration, 
noncardiogenic shock, and trauma [37, 38]. 
Understanding of the association with ARDS 
development has been so ingrained, that recent 
studies indicate that clinicians may “miss” ARDS 
diagnoses in those patients that present with no 
known risk factor [39].

One frequent assumption is that ARDS in 
pediatric patients is more often related to a direct 
lung injury than seen in adults. We can test this 
consideration by comparing the epidemiology of 
adult ARDS and PARDS through the lens of two 
large international cohort studies.

In adults, the Large Observational Study to 
Understand the Global Impact of Severe 
Respiratory Failure (LUNG SAFE) investigators 
recruited a sample of 29,144 patients from 459 
ICUs and identified 3022 patients with ARDS 
using the Berlin definition [40]. Of those patients, 
59.4% had pneumonia as a risk factor for ARDS, 
followed by 14.2% with extrapulmonary sepsis, 
14.2% with aspiration, 7.5% with noncardio-
genic shock, and 4.2% with trauma. No risk fac-
tor was identified in 8.3% of patients.

In pediatrics, the PARDIE study was an inter-
national point prevalence study surveying over 
23,000 PICU admissions and 12,000 patients 
requiring mechanical ventilation [12]. Of those 
patients, 744 (3.2%) were identified as having 
PARDS based on PALICC criteria. Among 
PARDS patients, the most common risk factor 
was pneumonia or lower respiratory tract infec-
tion (63%), distantly followed by sepsis (19%), 
aspiration (8%), trauma (4%), other (3%), drown-
ing (1%), and non-septic shock (1%). Therefore, 
although the Berlin and PALICC definitions for 
ARDS differ, the results of these two large epide-
miologic studies strongly indicate that the etiolo-
gies of PARDS and ARDS may not be as disparate 
as is sometimes assumed.

Most descriptions of ARDS and PARDS break 
down the etiology into direct and indirect causes. 
The Pediatric Acute and Critical Care Medicine 
Asian Network (PACCMAN) published a study 
in 2018 comparing “pulmonary” versus “extra-
pulmonary” ARDS [41]. The “extrapulmonary” 
group included patients with sepsis, massive 
transfusions, burns, multi-trauma, and hemor-
rhagic shock and comprised 41 (13.4%) of the 
307 patients with PARDS.  In this cohort, the 
extrapulmonary group had higher mortality, 
higher proportion of multiple organ dysfunction, 
and higher median oxygenation index. A similar 
study in adults examined 417 patients with ARDS 
by AECC criteria: 250 (60%) with direct ARDS 
defined as pneumonia or aspiration and 167 
(40%) with indirect ARDS defined as non-
pulmonary sepsis or pancreatitis [42]. The 
authors showed similar mortality (28% direct vs 
21% indirect) between the two groups, but the 
direct group had higher lung injury scores (3.0 vs 
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2.8) and the indirect group had more organ dys-
function (median 2 vs 1 organ system).

�Direct Lung Injury

�Primary Pulmonary Infections

Primary pulmonary infections were the most 
common cause of PARDS in the PARDIE study, 
underlying two-thirds of the cases of PARDS 
identified. These “direct” PARDS cases had 
lower mortality than “indirect” causes like sepsis 
and non-septic shock [12]. Primary pulmonary 
infections leading to ARDS can be related to a 
viral etiology, bacterial etiology, or both as in the 
case of influenza leading to a Staphylococcus 
aureus infection. Much attention has been paid to 
pandemic viruses that can lead to drastic increases 
in ARDS patients: influenza, including H1N1; 
Middle Eastern respiratory syndrome coronavi-
rus; and severe acute respiratory syndrome coro-
navirus [43]. Interestingly, the extreme virulence 
of these coronavirus infections is now thought to 
be immune mediated, with very early and exag-
gerated activation of the complement cascade 
[44]. More commonly, viral etiologies are those 
that cause the upper respiratory infections and 
bronchiolitis cases commonly encountered in the 
pediatric intensive care unit: respiratory syncytial 
virus (RSV), adenovirus, rhinovirus, and human 
metapneumovirus [43, 45]. Similarly, bacterial 
causes of PARDS are often the common patho-
gens that cause community-acquired pneumonia 
including Streptococcus pneumoniae, 
Haemophilus influenzae, and Staphylococcus 
aureus [46]. As expected, immunosuppression 
also places patients at greater risk for fungal and 
parasitic causes of ARDS, including Pneumocystis 
jirovecii [46]. These patients retain a higher mor-
tality regardless of ARDS severity [10]. Finally, 
as the PALICC definition now also allows for 
patients with chronic lung disease to be diag-
nosed with PARDS, we may see an increase in 
pathogens specific to technology-dependent and 
chronically ventilated patients as important 
PARDS etiologies soon.

�Aspiration

Aspiration was identified as the third most com-
mon etiology of PARDS in the PARDIE study, 
underlying 8% of the incidence seen. Aspiration is 
most commonly thought of as aspiration of stom-
ach contents but can also be from the aspiration of 
household chemicals, blood, and other substances. 
Swallowing dysfunction or altered consciousness 
places a patient at risk for inhalation of such pha-
ryngeal contents. Further, the acidity of stomach 
contents can lead to direct pulmonary epithelial 
damage and neutrophilic inflammation [47], com-
monly described as “chemical pneumonitis.” 
Bacteria from the digestive tract can also cause 
secondary aspiration pneumonia [47].

�Trauma

The development of ARDS following trauma is 
multifactorial and can differ from other mecha-
nisms leading to ARDS. It can be a result of both 
direct thoracic trauma, including pulmonary con-
tusion, or secondary to inflammation and infec-
tion that develop after major trauma [48]. The 
pathophysiology of trauma-induced ARDS also 
seems to be different than other etiologies: bio-
markers including von Willebrand factor antigen, 
intercellular adhesion molecule-1 (ICAM-1), and 
surfactant protein-D have been found to be lower 
in trauma patients than in other processes leading 
to ARDS [49].

Interestingly, both the LUNG SAFE and 
PARDIE studies described similar prevalence of 
trauma (4%) as an inciting factor for ARDS. Several 
studies have used the National Trauma Databank 
(NTDB) to evaluate the epidemiology of pediatric 
trauma-induced ARDS.  Killien and colleagues 
examined 146,058 children <18 years old admit-
ted to 460 level I or II adult or pediatric trauma 
centers from 2007 to 2016. ARDS incidence was 
1.8% in all pediatric trauma patients and 3.8% in 
mechanically ventilated trauma patients. Injury 
severity score (ISS) was a strong risk factor for 
ARDS, and overall injury severity was more pre-
dictive of outcome than chest trauma alone [50]. 
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The authors also identified that very few patients 
who went on to develop ARDS had a normal 
Glasgow coma scale (GCS) or respiratory rate on 
arrival to the emergency department (ED). The 
mortality in patients who developed ARDS was 
20%. In Dr. Killien’s study, motor vehicle crashes 
were the most common mechanism among those 
with ARDS. In another study using the NTDB, de 
Roulet and colleagues demonstrated that, in 
young children, non-accidental injury and near 
drowning were independently associated with the 
development of ARDS [51].

�Indirect Lung Injury

�Sepsis

Following respiratory infections, sepsis is the 
next most common etiology of PARDS [12]. 
The endothelial activation, cytokine-mediated 
inflammation, reactive oxygen species, and dis-
ruption of normal coagulation cascades present 
in patients with severe sepsis can lead to the 
development of diffuse alveolar damage [52]. 
Given that the inflammation in sepsis is thought 
to trigger the inflammation and cell damage in 
ARDS, studies have attempted to target this 
group specifically for anti-inflammatory thera-
pies [53, 54]. A detailed discussion of sepsis is 
beyond the scope of this chapter, but further 
investigation into the pathophysiology and com-
mon pathways of both diseases can lead to ther-
apeutic targets.

�Transfusion Related

Transfusion of blood products is an uncommon but 
significant cause of acute lung injury and 
ARDS.  Consensus definitions of transfusion-
related acute lung injury (TRALI) mirror the 
AECC and Berlin definitions of ARDS except that 
lung injury and subsequent ARDS develop during 
or within 6  hours of the transfusion [55, 56]. 
TRALI may be considered a “two-hit” phenome-
non with the first hit being the patient’s disease pro-
cess and the second hit being neutrophil activation 

and capillary leak [52, 57]. Both adult and pediatric 
investigators have confirmed that transfusions of 
multiple blood products, particularly those that are 
protein-rich, such as fresh frozen plasma and plate-
lets, are associated with both development of 
ARDS (TRALI) and unfavorable outcomes of 
ARDS, including greater mortality [58–60].

�Noninfectious Systemic Inflammation

Any disease process that results in a systemic 
inflammatory response places a patient at risk for 
ARDS.  One classic example is the lung injury 
that develops with acute pancreatitis, which was 
also noted by Ashbaugh et  al. in 1967. The 
inflammatory cytokines and chemokines released 
result in both vascular endothelial and alveolar 
epithelial damage, potentially exacerbated by 
pancreatic enzymes and a compromised intesti-
nal barrier [61]. The common pathway of vascu-
lar permeability and fluid leak that often underlies 
ARDS follows. Another common mechanism of 
systemic inflammation is the ischemia and reper-
fusion that occurs during cardiopulmonary 
bypass for congenital heart defect surgical repair. 
This can lead to multiple organ dysfunction syn-
drome (MODS) including ARDS; however, out-
comes are significantly better with MODS after 
bypass than other forms [62].

�Modifiable Aspects of Care Delivery

Among all etiologies for ARDS, perhaps the 
most interesting and potentially meaningful area 
of focus is the potentially modifiable areas of the 
care we deliver to patients with acute respiratory 
failure. These methods of respiratory support, 
medications, and health care delivery are all 
potential targets to prevent the development of 
ARDS in at-risk patients. A large study by the 
Practice of Ventilation in critically ill adults with-
out ARDS at onset of ventilation (PRoVENT) 
study group attempted to identify these factors 
[63]. This international, multicenter cohort study 
identified patients undergoing mechanical venti-
lation who were at risk of ARDS defined as a 
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Lung Injury Prevention Score of 4 or higher. 
Ventilator variables such as tidal volume, PEEP, 
and driving pressure were not associated with the 
development of ARDS in those at risk and those 
not at risk, but interestingly FiO2 was higher in 
patients who developed ARDS. A noted limita-
tion of this study as well as other efforts to pre-
vent ARDS is the large number of patients who 
have ARDS at the time of intubation [64]. 
Raymondos and colleagues tested whether out-
comes differed between ARDS patients managed 
at German university and nonuniversity hospitals 
and found a survival benefit in patients treated at 
university hospital [65]. Differences were seen in 
the use of higher FiO2, lower PEEP, and higher 
driving pressure in the nonuniversity hospitals at 
the time of the study. Interestingly, this finding 
corroborates that of Noah et  al. from 2011 
wherein transfer to an ECMO center, even if the 
patient was then not cannulated for ECMO, con-
ferred a survival benefit for those adults with 
H1N1-associated ARDS compared to matched 
non-ECMO referred patients [66]. While these 
observational data do not point towards clear rea-
sons for the improved survival, they suggest that 
differences in our routine and supportive care of 
patients at risk for ARDS development can affect 
progression of disease.

Coupled with the acknowledgement that best 
chances for complete recovery rest on earlier ini-
tiation of appropriate therapies, these studies all 
indicate a need to identify patients at earlier time-
points in their course. To affect this next type of 
research, researchers are likely to enroll patients 
at locations other than the pediatric intensive care 
unit, including the emergency department, oper-
ating rooms, and acute care hospital wards. The 
mission of the National Institutes of Health–
funded PETAL network (Prevention and Early 
Treatment of Acute Lung Injury, http://petalnet.
org) includes partnering ICUs with EDs for ear-
lier diagnosis and initiation of supportive mea-
sures. In pediatrics, in 2015, the PALICC yielded 
internationally accepted, comprehensive defini-
tions for PARDS, patients at risk for PARDS, and 
patients with complex comorbidities previously 
oft excluded from PARDS-related research, such 

as chronic lung disease and congenital heart dis-
ease populations. The at-risk group is now 
defined as patients either on noninvasive positive 
pressure via nasal interface or patients on nasal 
cannula, either via traditional or heated high flow 
nasal cannula, with specified oxygenation defi-
cits [8]. In the wake of the establishment of these 
pediatric-specific definitions, the PARDIE inves-
tigators recently completed an international, 
observational study of PARDS and at risk for 
PARDS patients. Initial results are now published 
on the traditional PARDS cohort with results 
related to the at-risk population, including data 
on potentially modifiable aspects of care, soon 
forthcoming [12].

�Less Common Etiologies of ARDS

Case reports and case series describe the devel-
opment of ARDS following episodes causing 
local or systemic inflammation including pulmo-
nary air embolus [67], fat embolism [68], Still’s 
disease [69], and malaria [70, 71]. Neurogenic 
pulmonary edema has been described in the set-
ting of severe neurologic injury, potentially 
related to a large sympathetic surge following the 
injury [72].

�Biomarkers Associated with PARDS 
Onset and at Risk for PARDS 
Development

Clearly the pathophysiologic processes of inflam-
mation, vascular endothelial injury, alveolar epi-
thelial injury, fibrosis, and hypercoagulability 
may be triggered and initiated well before 
patients are admitted to intensive care units [73]. 
Biomarker studies in children, as in adults, have 
identified evidence of lung injury even in the ear-
liest days of hypoxemia and, in up to 25% of 
cases, before invasive mechanical ventilation has 
been initiated [37, 74].

Several researchers have observed elevations 
of markers of vascular endothelial injury at the 
onset of PARDS diagnosis. Flori and colleagues 
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found that the highest levels of von Willebrand 
factor antigen were measured early in the course 
of PARDS [75] and Yehya et al. reported similar 
findings with angiopoietin-2, ANG2 [76]; both 
are vascular endothelial injury markers. Markers 
specific for alveolar epithelial injury are more 
difficult to measure in plasma. Flori and col-
leagues found early elevations of soluble inter-
cellular adhesion molecule-1, sICAM-1 [77], 
also a marker of macrophage activation, and 
Yehya observed elevated levels of soluble recep-
tor for advanced glycation end products, sRAGE, 
at PARDS diagnosis [76]. Sapru and colleagues 
identified early activation of multiple markers of 
the inflammatory and coagulation cascades [78, 
79]. Zinter et  al. observed early evidence of 
matrix metalloproteinase release into the plasma, 
an indicator of early-onset fibrosis, again at 
PARDS onset. Finally, the pathogenesis of ARDS 
is felt to be mediated by both pathogen-associated 
molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs), biomol-
ecules that can perpetuate an inflammatory 
response. Circulating nucleosomes are released 
after cellular injury into the bloodstream, acting 
as DAMPs, and contributing to the severity of 
ARDS.  Yehya et  al. have measured circulating 
nucleosomes in children with PARDS and found 
striking and independent associations with mor-
tality and non-pulmonary organ failure and sever-
ity of oxygenation defect [80]. Most of these 
studies included PARDS patients who were not 
only invasively mechanically ventilated but also 
those patients meeting PARDS criteria while on 
noninvasive ventilation, which suggests that 
pathophysiology can be identified a bit earlier in 
these cascades.

These studies all reflect biomarkers associated 
with PARDS onset. As described previously, the 
next phases of research must strive to identify at-
risk patients before they develop 
PARDS.  Identification of these risk factors for 
development may help clinicians at the bedside 
to adjust monitoring and/or initiate lung protec-
tive management strategies earlier in the patients’ 
course in order to prevent PARDS development 
entirely. Similarly, better identification of those 

patients at risk for PARDS development may 
enable researchers to develop novel therapies that 
can be initiated earlier in the patient’s course and, 
likely, using noninvasive modalities (i.e., inhaled 
treatments, alternate modes of noninvasive respi-
ratory support).

The RESTORE trial of sedation management 
in pediatric acute respiratory failure enrolled 
pediatric patients with acute respiratory failure 
requiring invasive mechanical ventilation sec-
ondary to primary pulmonary or airway disease 
[81]. As such, patients with acute respiratory fail-
ure secondary to trauma or surgery were 
excluded. Nonetheless, the RESTORE study has 
allowed for potential identification of children 
with acute respiratory failure yet prior to PARDS 
onset. Genetic Variation and Biomarkers in 
Children with Acute Lung Injury (BALI; 
R01HL095410) was a prospective ancillary study 
to the multisite clinical trial, Randomized 
Evaluation of Sedation Titration for Respiratory 
Failure (RESTORE; U01 HL086622) (22). BALI 
was designed to examine the association of spe-
cific plasma protein and genetic biomarkers with 
PARDS among prospectively enrolled children 
with acute respiratory failure. Twenty-two of the 
31 PICUs participating in RESTORE volun-
teered to participate in this study. A total of 69% 
of the patients (n  =  378) met the criteria for 
PARDS and 83% of children (n  =  312) with 
PARDS met criteria on the day of intubation 
(study day 0); another 11% (n = 42) met criteria 
on study day 1, and the remaining 6% met criteria 
on study days 2–5. The level of plasma IL-1ra 
was significantly greater at intubation through 
day 3 in those with PARDS compared with those 
without PARDS (p < 0.0001). In addition, multi-
variable regression analysis of data across all days 
demonstrated a significant association of IL-1ra 
(OR, 1.30; 95% CI, 1.10–1.52; p = 0.002) and day 
(p < 0.05) on presence of PARDS, independent of 
age and PRISM-III. Additional data from BALI 
related to other markers of inflammation, plasma 
surfactant protein measurement, and markers of 
dysregulated coagulation are forthcoming. 
Despite this work and although RESTORE 
enrolled patients with acute respiratory failure, 
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approximately 90% of patients meeting PARDS 
criteria did so within the first day of RESTORE 
enrollment, thereby again limiting the opportu-
nity to find biomarkers that can be measured 
prior to PARDS onset and within a time frame to 
allow clinicians to use these marker measure-
ments to initiate preventative therapies. These 
data corroborate nicely with adult data from the 
LUNG SAFE study wherein only 7% of adults 
that eventually developed ARDS did so after day 
2 of acute hypoxemic respiratory failure [40].

�Latent Class Analysis 
and Identification of ARDS 
and PARDS Sub-phenotypes

To date, no pharmacologic treatment has been 
conclusively proven effective in decreasing mor-
tality or morbidity in adults or children with 
ARDS [82, 83]. The failure of the pharmaco-
logic treatments tested thus far has recently been 
attributed, in part, to heterogeneity in patients 
with ARDS. Dr. Iwashyna and colleagues devel-
oped simulation models to demonstrate that het-
erogeneity in cohorts of patients with acute 
respiratory failure can significantly impact clini-
cal trial results by: (a) showing no benefit for the 
entire cohort resulting in a negative trial although 
a high-risk subgroup (sub-phenotype) of patients 
may actually benefit from the treatment and (b) 
showing benefit for the entire cohort resulting in 
a positive trial though a subgroup (sub-
phenotype) of patients may incur harm from the 
treatment [84]. The recent consensus in the field 
is that strategies aimed at prognostic (identifying 

high-risk patients) and predictive (selecting 
patients who are likely to respond to treatment 
based on differences in the underlying pathol-
ogy) enrichment should be used in studies of 
ARDS patients to identify targeted therapies that 
have a higher likelihood of reducing morbidity 
and mortality.

Recently, Drs. Calfee and Delucci have used 
latent class analysis (LCA) to identify two novel 
sub-phenotypes in adult ARDS patients with dif-
ferent biomarker profiles, clinical and biological 
characteristics, clinical outcomes, and response 
to treatment [85–87]. Their team has since inde-
pendently replicated the same two ARDS sub-
phenotypes using data from additional 
NHLBI-funded adult ARDS trials (Table  4.1). 
The hyperinflammatory ARDS sub-phenotype, 
characterized in part by higher plasma inflamma-
tory biomarkers (interleukin-6 (IL-6), IL-8, solu-
ble tumor necrosis factor receptor-1 (sTNFr-1), 
plasminogen activator inhibitor-1 (PAI-1), angio-
poietin-2 (Ang-2), receptor for advanced glyca-
tion end products (RAGE), and decreased protein 
C, is associated with 20–30% higher mortality 
and approximately 10-day longer length of 
mechanical ventilation (MV). The hyperinflam-
matory patients may preferentially benefit from 
higher PEEP and restrictive fluid strategies. The 
two sub-phenotypes appear to be stable to at least 
3 days after meeting ARDS criteria. There are no 
studies identifying PARDS sub-phenotypes in 
children primarily because until recently there 
were no large cohorts of children with 
PARDS.  Once again, this is assuredly “next to 
come” for this patient population.

Table 4.1  Differential response to treatment in ARDS sub-phenotypes

Mortality in intervention 
hypoinflammatory 
sub-phenotype

Mortality in intervention 
hyperinflammatory 
sub-phenotype

Mortality in control 
hypoinflammatory 
sub-phenotype

Mortality in control 
hyperinflammatory 
sub-phenotype

ALVEOLIa 24% 42% 16% 51%
FACCTa 26% 40% 18% 50%
HARPb 17% 32% 16% 45%

a90-day mortality
b28-day mortality
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