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Abstract: Pediatric acute respiratory distress syndrome (PARDS) is a heterogenous process resulting in a 
severe acute lung injury. A single indicator does not exist for PARDS diagnosis. Rather, current diagnosis 
requires a combination of clinical and physiologic variables. Similarly, there is little ability to predict the 
path of disease, identify those at high risk of poor outcomes or target therapies specific to the underlying 
pathophysiology. Biomarkers, a measured indicator of a pathologic state or response to intervention, have 
been studied in PARDS due to their potential in diagnosis, prognostication and measurement of therapeutic 
response. Additionally, PARDS biomarkers show great promise in furthering our understanding of specific 
subgroups or endotypes in this highly variable disease, and thereby predict which patients may benefit and 
which may be harmed by PARDS specific therapies. In this chapter, we review the what, when, why and how 
of biomarkers in PARDS and discuss future directions in this quickly changing landscape. 
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Why is measurement of biomarkers important, 
particularly in the pediatric acute respiratory 
distress syndrome (PARDS) patient?

Biomarkers have been increasingly utilized and studied in 
PARDS clinical practice and research as a mechanism by 
which to improve overall care and health outcomes. While 
the translation of biomarker use into clinical practice is 
critical to improving overall patient health, adoption and 
implementation remain limited as many are still available 
only in the research environment (1) and most do not have 
the “ideal” specificity for either PARDS development or 
clinical outcomes related specifically to PARDS. 

The future of PARDS biomarker research should 
include better identification of patients at-risk but not 
yet with PARDS as well as more accurate prediction 
and prognostication for those with established PARDS. 
Within the at-risk for PARDS population, knowledge of 
biomarkers indicating risk for PARDS development may 

help clinicians adjust monitoring and/or initiate lung 
protective 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. 

Both pediatric and adult patients with established ARDS 
comprise a very heterogeneous group. Not surprisingly, 
despite 50 years of research, no pharmacologic treatment 
has proven effective in decreasing mortality or morbidity 
in adults or children with ARDS (2,3). Looking forward, 
the identification of combinations of bedside and plasma 
biomarkers may better identify which subgroups, or sub 
phenotypes, will best or least respond to PARDS therapies 
(1,4). Additionally, the development of novel point of care 
testing modalities will allow these biomarkers and their 
combinations to be best utilized in day to day patient care. 
The following chapter will explore each of these concepts 
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in detail. Genomics, proteomics and metabolomics will not 
be covered as they appear in an alternate chapter in this 
journal. 

What is a biomarker?

Before a clinician or researcher can identify and use 
biomarkers, one must first understand what exactly defines 
a biomarker. The term “biomarker”, a blend of “biological 
marker”, are objective measurements of a normal or 
abnormal physiologic state or response to an intervention. 
Biomarkers do not assess how a patient “feels, functions, or 
survives” (5). Thus, biomarkers are not clinical endpoints (6).

In 2015, the United States Federal Drug Administration 
and NIH recognized the need to develop a working 
definition of terms commonly used in translational and 
medical science, and defined a biomarker as “a characteristic 
that is measured as an indicator of normal biological process, 
pathogenic processes or responses to an exposure or intervention, 
including therapeutic interventions” (7). Similarly, the World 
Health Organization definition states a biomarker to be “any 
substance, structure or process that can be measured in the body 
or its products and influence or predict the incidence of outcome or 
disease” (5). 

Biomarker categories are further detailed in Table 1. The 
horizon for biomarker research is expansive, ranging from 
vital signs through basic chemistries to novel tests of blood 
and other tissues. 

When are PARDS biomarkers best measured? 

T h i s  i m p o r t a n t  q u e s t i o n  i s  d e p e n d e n t  o n  t h e 
pathophysiologic processes associated with PARDS itself and 
the practical considerations of when in that process the child 
presents to the healthcare system at the time of biomarker 
measurement. Traditionally, and although oversimplified, 
ARDS pathophysiology is divided into three phases. 

The first, exudative phase, results in direct and immune-
cell mediated endothelial and epithelial damage (20). 
Activated alveolar macrophages release proinflammatory 
cytokines and chemokines, which in turn recruit neutrophils 
and monocytes to the alveoli. Neutrophils release multiple 
toxic mediators, including neutrophil extracellular 
traps. Injury to alveolar type II cells results in surfactant 
inactivation and deficiency. Activation of endothelial 
cells and injury to the microvasculature result in barrier 
disruption. Taken together, this injury leads to damage of 
the alveolar epithelial cells, loss of barrier function and 

protein rich fluid accumulation. 
The second, proliferative phase, encompasses the 

initiation of host response to restore alveolar homeostasis 
and repair injured tissues (20). Interstitial edema is removed 
through lymphatic drainage, while alveolar edema is 
removed via newly expressed alveolar ion channels. Vascular 
endothelial cell proliferation and reestablishment of tight/
adherens junctions leads to restoration of endothelial 
and epithelial barrier functions, respectively. Neutrophils 
present from the initial exudative phase are phagocytosed. 
Finally, type II alveolar epithelial cells, responsible for 
surfactant production, proliferate, with some differentiating 
into type I cells to providing additional surface for gas 
exchange and fluid removal (21). 

The fibrotic or final phase of ARDS leads to the 
development of both interstitial and intra-alveolar fibrosis. 
This stage, which does not occur in all patients, is associated 
with the need for prolonged mechanical ventilation and 
has been linked to an increased risk of mortality (20). 
Thus, associated biomarkers may be good candidates for 
prognostic and predictive enrichment. Damage to the 
basement membrane causes a lack of surfactant production 
and an inability to re-epithelialize. Fibroblast proliferation 
and differentiation leads to synthetic myofibroblasts. 
Additionally, accumulation of extracellular matrix results in 
intra-alveolar and interstitial fibrosis. 

Despite the seemingly “clear” delineation of these three 
phases of lung injury, the pathophysiologic processes of 
inflammation, vascular endothelial injury, alveolar epithelial 
injury, fibrosis and hypercoagulability are triggered and 
initiated well before pediatric intensive care unit (PICU) 
admission and likely before initiation of invasive mechanical 
ventilation. Biomarker studies in children and adults, 
confirm evidence of lung injury and even fibrosis in the 
earliest days of hypoxemia and, in up to 25% of cases, 
before invasive mechanical ventilation has been initiated 
(22-26). Individual host response coupled with differences 
in the disease processes associated with PARDS are likely 
to yield different “time spent” in each phase. Patients may 
barely exhibit signs of certain phases yet have an overzealous 
response in others.

So, given a variable pathophysiologic timeline of 
PARDS onset and offset, when should PARDS biomarkers 
be measured? The 2015 Pediatric Acute Lung Injury 
Consensus Conference (PALICC) guidelines (27) strongly 
recommended “…evaluating respiratory indices and biomarkers 
at the onset of PARDS, within the first 24 hours of onset, as well 
as serial measures beyond that is indicated according to treatment 
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and/or clinical studies”. 
Importantly, as PARDS may be diagnosed in patients 

requiring non-invasive ventilation, researchers and 
clinicians alike must be wary when interpreting data from 
prospective, observational studies as to when sampling 
occurred in relation to the potential PARDS onset. For 
example, biomarker studies executed as “ancillary” to 
ongoing randomized, controlled trials are usually restricted 
to sample collection after the patient has been randomized 
into the trial. Therefore, measurements are occurring 
some time distant to the onset of the pathophysiologic 
process in question, in our consideration PARDS. Despite 
this important limitation, the “ancillary” study biomarker 

mechanism benefits greatly from the large, multi-center 
enrollment population than would not have occurred if the 
biomarker examination was attempted as an observational 
study alone. 

In pediatrics, the multisite clinical trial, Randomized 
Evaluation of Sedation Titration for Respiratory Failure 
(RESTORE; U01 HL086622) enrolled children with 
acute respiratory failure requiring invasive mechanical 
ventilation. Genetic Variation and Biomarkers in Children 
with Acute Lung Injury (BALI; R01HL095410), was 
a prospective ancillary study to RESTORE. BALI was 
designed to examine the association of specific plasma 
protein and genetic biomarkers with PARDS among 

Table 1 FDA/NIH biomarker categories and examples within critical care and ARDS

Biomarker Definition* Example within critical care Example for ARDS

Susceptibility/risk Identifies the potential to develop 
a disease in one who does not 
currently have it

Genetic polymorphism in toll-like 
receptor-2 in the risk of sepsis (8)

Angiopoeitin-2 predicts onset of acute 
lung injury in critically Ill patients (9); IL-8 
is higher Bronchoalveolar Lavage fluid of 
those who progress to ARDS (10)

Diagnostic Detects or confirms presence of 
disease or condition of interest; 
identifies individuals with subtype of 
disease

Cardiac ejection fraction for heart 
failure; creatinine and urine output 
in acute kidney injury 

Oxygenation index; infiltrate on CXR; 
PaO2:FiO2 ratio

Monitoring Assesses the status of a disease 
or condition through serial 
measurements; provides evidence of 
exposure to (or effect of) a specific 
product or environmental agent

PT/INR for anticoagulation; lactate 
in sepsis; creatinine in acute 
kidney injury (11)

PaO2:FiO2 ratio; oxygenation index; dead 
space fraction (12,13) 

Prognostic Identifies the likelihood of a clinical 
event, disease recurrence or 
progression in patients who have the 
condition of interest

PERSEVERE for risk of mortality in 
pediatric sepsis (14)

Biomarkers associated with mortality: 
Ang-2 (15); sICAM-1 (16); dead space 
fraction (12,13)

Predictive Identifies individuals more likely to 
experience a favorable or unfavorable 
effect from exposure to a specific 
product or an environmental agent

Procalcitonin to guide antibiotics 
therapy in respiratory illness (17)

ARDS subphenotypes with different 
responses to fluid management 
strategies (18) 

Pharmacodynamic/
response

Shows a biological response has 
occurred in an individual who has 
been exposed to a medical product 
or an environmental agent

Lactate in sepsis after 
resuscitation; blood pressure 
in response to vasoactive 
medications

IL-6 decreases with corticosteroid 
treatment in PARDS (19)

Safety Indicates the likelihood or extent of a 
toxicity as an adverse event after an 
exposure to a specific product or an 
environmental agent

Serum creatinine for nephrotoxic 
drugs; serum liver function tests 
for hepatotoxic drugs

Dynamic compliance measurement after 
recruitment maneuvers

*, definitions obtained from the FDA/NIH BEST (Biomarkers, Endpoints and other tools) resource (7). The list of biomarkers provided in this 
table is not meant to be an all-inclusive list of the PARDS and critical care literature on biomarkers. Rather, it provides examples in each 
category to give the reader a framework in which to think about biomarker application.
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prospectively enrolled children with acute respiratory 
failure. Although RESTORE enrolled patients with acute 
respiratory failure, and, therefore children before PARDS 
onset, BALI confirmed that approximately 90% of patients 
meeting PARDS criteria did so within the first day of 
RESTORE enrollment, thereby limiting the opportunity 
to find biomarkers that can be measured prior to PARDS 
onset and within a time frame to allow clinicians to use 
these measurements to initiate preventative therapies (28). 
Interestingly, these data corroborate 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 (29).

How can PARDS biomarkers be best measured?

The ideal biomarkers are available at the bedside, quick to 
assay, reliable when repeated on the same subject/specimen, 
reproducible when measured under changing conditions 
or across institutions/laboratories, easily interpretable and, 
as least invasive as possible. Clinical biomarkers, such as 
oxygenation indices, satisfy most all of these criteria (30). 
Ventilation indices satisfy most but usually require some 
form of blood gas measurement. When measuring protein 
biomarkers, however, the best method becomes more 
complex. 

Most PARDS biomarker research involves measurement 
in plasma as most PARDS patients have vascular access or 
laboratory studies drawn for other clinical purposes upon 
which the research related biomarkers are “added”. When 
reviewing plasma biomarker data, the reader is cautioned 
to note that some marker measurements require “fresh” 
plasma, particularly cytokine measurements, while others 
may be robust when measured as remnant “discard” 
sample (e.g., markers of endothelial injury or macrophage 
activation). The latter is an attractive option to families 
who are concerned regarding consent of their child for 
participation in research studies where repeated blood 
draws are required. This method also may be useful where 
“discard” blood specimens are available from the time 
period prior to patient consent that will still be retrievable 
after appropriate consent has been obtained. 

The gold standard method for biomarker measurement 
of plasma proteins is the enzyme-linked immunosorbent 
assay (ELISA) (31). These measures are often made with 
control samples and in duplicate to assure reliability. 
Typically, only one marker can be measured per sample, 
which can be prohibitive for pediatric patients where a 

limited amount of plasma is available. Fluorescent bead-
based Luminex techniques can measure multiple (12 to 100) 
analytes, usually cytokines, using a fraction of the specimen 
amount required for traditional ELISA assays. Nonetheless, 
not all Luminex assays share the same accuracy, with 
coefficients of variation ranging from 0% to 76% depending 
on the cytokine measured. Therefore, specimens should be 
measured alongside controls with known concentrations 
of the cytokines in question (32). Finally, exciting research 
opportunities now exist using nano- and microfluidic 
technology for low volume, point of care measurement of a 
number of inflammatory cytokines (33,34).While still in the 
research domain, these newest techniques show the most 
promise of these cytokines to be measured as part of routine 
patient care, the ultimate “bench to bedside” scenario.

Ideally, the most accurate assessment of PARDS 
biomarkers should emanate from the lungs themselves. 
Unfortunately, many PARDS patients are too unstable 
to tolerate bronchoalveolar lavage (BAL) in the most 
severe phases of disease (35). Further, BAL fluids are, by 
definition, diluted with saline in specimen acquisition (36). 
Many adult ARDS researchers have employed undiluted 
tracheal aspirate measurements, however such specimens 
are only attainable in the earliest phases of illness and 
when overwhelming amounts of pulmonary edema fluid 
have been generated. Others have lauded microsample 
probe (37,38) or mini-BAL (39-41). Exhaled breath 
condensate (EBC) is non-invasive and evolving in utility 
and reproducibility. Although paired protein measurements 
in EBC do not exactly correlate with that measured in 
BAL fluid (42), measurement of protein, pH, inflammatory 
cytokines ,  chemokines ,  i soprostanes ,  perox ides , 
phospholipids, adhesion and other molecules have been 
successful in both adults and children after transplant, 
with asthma, bronchpulmonary dysplasia, pulmonary 
hypertension etc. (43). In 2017, McNeil et al. demonstrated 
a technique to measure ARDS related protein biomarkers 
using EBC collected in the heat moisture exchanger from 
the exhalation limb of mechanical ventilator circuits (44). 
Concentrations of proteins measured were similar to those 
obtained in undiluted edema fluid from the same patients. 
This technique has not yet been applied in PARDS  
patients (45,46).

What PARDS Biomarkers can we measure?

The following section further augments other recently 
published, outstanding reviews in this field (45-47).
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Vascular endothelial biomarkers

The vascular endothelium, the inner portion of the alveolar-
capillary barrier, is thought to play a significant role in 
ARDS due to its many functions including regulation of 
vascular tone, inflammation and cytokine production, and 
coagulation (48). As such, plasma biomarkers of endothelial 
activity have been utilized as surrogate markers for its 
injury. Endothelial biomarkers including angiopoeitin-2 
(Ang-2), von Willebrand Factor (vWF), endothelin, soluble 
E-selectin, and soluble thrombomodulin have all been 
associated previously with morbidity and mortality in both 
pediatric and adult ARDS. 

Regulation of endothelial homeostasis is partially 
dependent on the Angiopoeitin-Tyrosine Kinases 
with immunoglobulin-like and EGF-like domains 2  
(TIE-2) ligand-receptor system. Angiopoeitin 1 (Ang-1) and  
Ang-2 competitively bind the Tie-2 receptor with opposing 
cellular responses (49). While Ang-1 results in stabilization 
of the endothelium, binding of Ang-2 results in the 
activation and destabilization of the endothelium. As such, 
increased plasma levels of Ang-2 have been associated with 
mortality in both adult and pediatric ARDS (9,15,50-52). 

vWF is produced primarily by endothelial cells and 
released into circulation on endothelial activation or injury. 
Prior studies have demonstrated vWF to be a marker of 
endothelial injury for patients at risk or with ARDS (53,54). 
And while some studies demonstrate a vWF to be predictive 
of ARDS development, others have not replicated this 
finding. Among the pediatric population, specifically, vWF 
is elevated in children with ARDS compared to healthy 
controls and associated with mortality and prolonged 
mechanical ventilation (24,55). 

Adhesion molecules appear to play a central role in 
tissue damage caused by inflammatory responses because 
of their role in the early, transient adhesion and migration 
of neutrophils and monocytes to the endothelium 
(56,57). Among these cell surface molecules, the most 
important are the selectin family, which mediate rolling of 
neutrophils on endothelial cells with resultant endothelial 
cell activation, and the β2-integrin subfamily, which 
mediates firm adherence to the endothelium, chemotaxis, 
and phagocytosis. As such, several studies of adult and 
pediatric ARDS have associated E-selectin with both ARDS 
development and mortality (53,58,59).

Endothelin-1 is released from the vascular endothelium 
and results in cell proliferation, edema, inflammation and 
vasoconstriction (60,61). The limited number of studies 

indicates an association between Endothelin-1 and PARDS (62).
F i n a l l y,  s o l u b l e  t h r o m b o m o d u l i n  ( s T M ) ,  a 

transmembrane protein highly expressed on pulmonary 
alveolar capillary endothelium, aids in the activation of 
activated protein C. While circulating levels are normally 
low, they increase in the presence of inflammation (63,64). 
sTM is elevated in both adults and children with ARDS and 
associated with worse clinical outcomes (65,66).

Alveolar epithelial biomarkers 

Injury to pulmonary bronchial and alveolar epithelial cells 
are a key component of the underlying pathophysiology of 
ARDS. These cells are may be directly injured as in primary 
ARDS (e.g., pneumonia) or become subsequently injured 
as a result of indirect mechanism (e.g., pancreatitis).  Given 
their integral role in both ARDS pathology and healing, 
biomarkers of the epithelium have been used as indicators 
of ARDS. While the adult literature has shown a strong 
association with epithelial biomarkers and ARDS, including 
Krebs von den Lungen-6 (KL-6), Clara (also known as 
club) cell secretory protein (CC16), Soluble receptor for 
advanced glycation end products (sRAGE), and soluble 
intercellular adhesion molecule 1 (sICAM-1), limited 
studies have been performed in children with ARDS. 

sICAM-1 is a marker of epithelial integrity and essential 
to the maintenance of the epithelial and capillary barrier. 
sICAM-1 is also integral to macrophage activation and 
response to infection as sICAM-1 can bind to respiratory 
viruses, especially respiratory syncytial virus (RSV) (67).  
Flori  and col leagues found sICAM-1 levels  were 
significantly higher during initial days of acute lung injury 
in nonsurvivors and in those who required prolonged 
mechanical ventilation (16). Subsequent studies by others 
confirmed this association between sICAM-1 levels with 
mortality and length of mechanical ventilation (68-70). 
Additionally, among PARDS patients who required high 
frequency oscillating ventilation, elevation in sICAM-1 
levels were demonstrated in children unresponsive to lung 
recruitment maneuvers (69). 

Soluble receptor for advanced glycation end products 
(sRAGE), expressed by alveolar type 1 cells, can activate 
several signaling pathways, including NFKB and MAP-K 
leading to inflammation. Several adult studies demonstrated 
increased plasma sRAGE in patients with ARDS and 
have correlated levels with mortality and organ failure 
(71,72). Previously, studies in children with ARDS were 
lacking, with only one showing plasma sRAGE levels 
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in postoperative cardiac patients is associated with the 
development of Acute Lung Injury (73). However, a recent 
study by Yehya et al., examined sRAGE levels in children 
with ARDS within 48 hours of PARDS onset. Elevated 
sRAGE was associated with both mortality and the number 
of non-pulmonary organ failures (74). Interestingly, sRAGE 
was only associated with mortality in immunocompetent 
patients and those with direct lung injury (74). 

Krebs von den Lungen-6 (KL-6), a glycoprotein 
on type II pneumocytes, is released in response to cell 
injury or proliferation. As such, increased KL-6 levels 
have been associated with not only the development of 
ARDS in adult patients, but also worse outcomes (75-77).  
Briassoulis et al., compared children with ARDS to those 
with sepsis, traumatic brain injury or ventilated controls 
and found patients with ARDS had early plasma levels 
of KL-6 over three-fold higher than children with TBI, 
sepsis or ventilated controls (78). In addition, KL-6 levels 
were correlated with higher oxygenation index, lower 
PaO2:FiO2 ratio, longer length of stay and length of 
mechanical ventilation (78). Lastly, plasma KL-6 levels 
were significantly increased in non-survivors compared to 
survivors in those with ARDS (78).

Injury to alveolar type II cells and the resulting inability 
to produce surfactant is key to the underlying ARDS 
pathophysiology. Thus, surfactant proteins have been 
studied as a biomarker of acute lung injury. In children 
with acute lung injury, surfactant proteins A, B and D were 
significantly elevated in plasma samples (79). Similarly, a 
significant increase in surfactant protein D was observed in 
BAL fluid of children with acute lung injury or PARDS (79). 
While initial studies of exogenous surfactant use in pediatric 
ARDS showed promise (80,81), a 2013 randomized trial 
of 110 children with acute lung injury/PARDS found no 
significant difference in 90 day mortality, ventilator free 
days or ICU free days (82). 

Biomarkers of dysregulated coagulation and 
fibrosis

Hyaline membranes, the characteristic pathology described 
in ARDS, are made of fibrin breakdown products and 
proteinaceous residua following alveolar epithelial cell 
injury. Indeed, abnormalities of the coagulation system 
are associated with morbidity and mortality in ARDS  
(83-86). Many of these are available as part of routine 
clinical practice. Among these are prolonged prothrombin 
time, activated thromboplastin time and thrombocytopenia. 

Antithrombin-III, a serine protease inhibitor, inhibits 
coagulation factors associated with the intrinsic pathway 
(Factors X, IX, XI, XII) and thrombin (Factor II). 
Decreased AT-III levels have been associated with increased 
mortality in PARDS (87). Protein C is a protein activated 
by the thrombin-thrombomodulin complex on endothelial 
cells. When activated, protein C, in combination with 
protein S, cleaves and inhibits factors V and VIII as well as 
plasminogen activation inhibitor-1, thereby both inhibiting 
further coagulation and enhancing fibrinolysis. Studies of 
plasma and intra-alveolar protein C levels in adults with 
ARDS indicate plasma protein C levels were significantly 
lower in adults  with ARDS compared to control  
patients (88). Further, lower plasma protein C levels 
were associated with several important clinical outcomes 
including death, prolonged mechanical ventilation and 
increased non-pulmonary organ system failures (88).

Other plasma markers of coagulation, available to date 
largely in the research domain, have also been evaluated for 
their role and association with ARDS severity and outcome. 
Among these, tissue factor, tissue factor pathway inhibitor, 
urokinase activated protein C still have yet to be evaluated 
in the PARDS population. As these have been associated 
with pneumonia severity (89), mortality in adults (90,91), 
and the development/presence of ARDS (92) further 
investigation is warranted in children. 

Survival after ARDS partly depends on the orderly 
reconstruction of the gas exchange apparatus. In some 
patients, this process leads to complete recovery of respiratory 
function. In contrast, other patients experience ineffective 
lung repair associated with excessive fibroproliferation 
and accumulation of fibrotic tissue that may lead to death 
or severe long-term pulmonary dysfunction (93,94). 
Identification of biomarkers that may distinguish these 
different phenotypes earlier in the course of disease are 
greatly needed.

PAI-1 functions as a primary inhibitor of tissue 
plasminogen act ivator  ( tPA) and urokinase ,  thus 
leading to decreased activation of plasminogen and 
decreased fibrinolysis (95). It is activated in the setting of 
inflammation and can lead to increased thrombosis or fibrin 
deposition. PAI-1 is synthesized primarily by endothelial 
cells and platelets and increases in activity in the presence of 
lipopolysaccharide and interleukin-1. In experimental lung 
injury models and in the pulmonary edema fluid of adults 
with ARDS, presence of fibrin degradation products and/
or lung fibroblasts and activated macrophages increase PAI-
1 expression and elaboration (96-98). In PARDS, elevated 
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PAI-1 has been associated with ARDS diagnosis itself and 
an increased risk of mortality (66,99). 

Research in animal models and adult ARDS patients 
confirms that the fibroproliferative response is initiated 
even in the earliest phases of ARDS even though the 
phenotypic display of this fibrosis is experienced later in the 
patient’s disease course. Procollagen peptides are helpful, 
but not sufficiently specific in identifying such patients to be 
used alone in this determination (100). Combining elevated 
procollagen peptide levels with imaging, such as high 
resolution computerized tomography is offering promise in 
improving this diagnostic and predictive yield (101). 

In PARDS, matrix metalloproteinases (MMPs) have 
been the most commonly measured biomarkers of lung 
fibroproliferative response. MMPs are integral to neutrophil 
mediated lung inflammation but are also elaborated in 
fibroblasts and epithelial cells and when imbalanced 
with their natural inhibitors, have been associated with 
pulmonary fibrosis syndromes (102). MMP-8 and 9, when 
measured in direct tracheal aspirates of PARDS patients, 
are both greatly elevated in PARDS compared to non-
pPARDS controls and correlate with duration of mechanical 
ventilation (103-105). In plasma and using latent class 
analysis (LCA) techniques, MMP-3, -7 and -9 together 
with tissue inhibitors of metalloproteinases-1 and -2 can 
be used to identify two distinct MMP profiles that are also 
associated with inflammation and endothelial injury as well 
as very relevant clinical outcomes including oxygenation 
defect, multiple organ system failures and death (105). 

Inflammatory biomarkers

Pro-inflammatory cytokines are released from alveolar 
macrophages, neutrophils and other cells in response to 
injury. These cytokines, including tumor necrosis factor 
alpha (TNF), interleukin-1 receptor agonist (IL-1ra),  
Interleukin-6 (IL-6), interleukin-8 (IL-8), recruit 
neutrophils, monocytes and macrophages to the alveoli and 
activate epithelial cells and T-cells which in turn continue 
to sustain ongoing inflammation and injury. 

While TNF has been associated with the development 
of and subsequent outcomes of adults with ARDS, the 
findings in pediatric ARDS are less clear. In one study of 
corticosteroids and ARDS, TNF levels were correlated 
with interleukin-10 (IL-10) and interleukin-1 alpha (19). 
Similarly, other pro-inflammatory cytokines including 
IL-6 have been strongly associated with ARDS severity 
and outcomes in adults. Again the data is less well defined 

in pediatrics. IL-6, however, has demonstrated usefulness 
as a response biomarker as it was found to decrease with 
corticosteroid treatment in pediatric ARDS (19). Finally, 
Interferon-gamma (IFN), another pro-inflammatory 
cytokine, as well as the IFN:IL-10 ratio was found to be 
significantly higher in non-survivors of pediatric ARDS (106).

IL-8, another pro-inflammatory cytokine, is elevated 
in in both plasma and BAL specimens in pediatric 
ARDS. In 2010, Todd et al. demonstrated that IL-8 levels 
were significantly higher in children with acute lung 
injury compared to controls and that this difference was 
maintained throughout the course of ventilation (79). 
More recently, Flori et al. examined plasma IL-8 levels 
in mechanically ventilated children (23). IL-8 levels were 
significantly higher in children with pediatric ARDS and 
independently associated with death, duration of mechanical 
ventilation and PICU length of stay. It was, however, not 
associated with pediatric ARDS development. 

IL-10, the most commonly studied and important anti-
inflammatory cytokine, inhibits proinflammatory cytokines, 
suppresses antigen presentation and enhances B cell 
survival. In children with ARDS, IL-10 levels at 1 week of 
hospitalization were associated with plateau pressure and 
discharge oxygen use (19). 

While pro- and anti-inflammatory cytokines have 
been well studied in the adult ARDS and pediatric lung 
pathology arenas, research specific to pediatric ARDS 
is somewhat limited (22). Much of our knowledge relies 
on extrapolating from the adult and neonatal literature 
or studies, which include pediatric ARDS patients. As 
cytokines have potential to be employed as prognostic, 
predictive, monitoring and response biomarkers, further 
investigation is warranted. 

PAMPS, DAMPS and extracellular vesicles (EVs)

The pathogenesis of ARDS is mediated by both pathogen-
associated molecular patterns (PAMPS) and damage-
associated molecular patterns (DAMPS). PAMPS, such 
as lipopolysaccharide, are extrinsic molecules from 
microorganisms. DAMPS are intracellular molecules 
released during injury that can then bind to other cell 
surfaces and activate nuclear factor kappa B translocation 
into the nucleus, stimulating further inflammation or 
possibly even by polarizing macrophages toward an 
immunosuppressive phenotype (107). Examples include 
histone, mitochondrial DNA, hyaluronic acid, double 
stranded DNA and the high mobility box proteins. DAMPS 
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have been measured in the BAL fluid of cystic fibrosis and 
burn patients and offer promise as biomarkers in PARDS 
as well (108). For example, Yehya et al. have measured 
circulating nucleosomes in children with PARDS and found 
striking and independent associations with mortality and 
non-pulmonary organ failure and severity of oxygenation 
defect (74). In contrast, EVs are membranous vesicles 
intentionally budded off of plasma membranes that can 
message across cells and stimulate uncontrolled thrombosis 
and inflammation (109). EVs are promising new biomarkers 
and potential targets for precision therapies in the future for 
both adult and PARDS (110).

Clinical or “bedside” biomarkers

It should not be forgotten that there are a myriad of “bedside 
biomarkers” that have been successfully used to risk stratify 
PARDS patients. Again, no one bedside biomarker alone 
has been able to ideally predict either PARDS development, 
length of PARDS course, response to therapy or ultimate 
outcome. 

Among pediatric ARDS patients, both oxygenation index 
(OI) and PaO2/FiO2 ratio represent prognostic and predictive 
biomarkers for the severity of disease (111). In fact, indices of 
oxygenation defect are the only ARDS biomarker for which 
patient monitoring and management guidelines exist. These 
markers have been measured in a multitude of pediatric acute 
lung injury studies over the last 30 years, but data utility has 
been limited due to small sample sizes and lack of a pediatric 
specific definition for PARDS (27).  

The 2015 PALICC definitions of PARDS have now 
limited these discrepancies. Earlier clinical research 
indicated strong predictive ability when oxygenation 
defect was measured at PARDS onset (27). Using 2015 
PALICC definitions, a large, prospective international 
study of PARDS incidence confirmed that best mortality 
discrimination,  driven by measurement of  OI or 
oxygenation saturation index (OSI), occurred at 6 hours 
after PARDS diagnosis (112). Another large, prospective 
cohort study confirmed both PaO2/FiO2 and OI at 6 and 
24 hours provided good discrimination and calibration for 
death and duration of mechanical ventilation (113).

Oxygenation reflects only a portion of the physiological 
deficits in PARDS. Several pediatric studies have 
demonstrated the predictive value of CO2 exchange, and 
thereby lung perfusion, on outcomes just as has been seen 
in the adult population. Worse lung perfusion is thought to 
be due to dysregulated coagulation and vascular endothelial 

injury in the lungs of PARDS patients. Volume capnography 
has enabled noninvasive measurement of dead space, the 
alveolar component that is ventilated but not perfused and 
therefore not participating in gas exchange. While the 
Douglas Bag method of dead space determination remains 
the gold standard method for dead space measurement 
(114,115), end tidal alveolar dead space fraction (AVDSf) 
has also been shown to be both elevated in PARDS patients 
and independently predictive of mortality when measured 
at PARDS onset (12,13). 

As our understanding of PARDS pathophysiology 
improves, it is important to recognize the incremental 
improvement in outcome prediction by measures that 
combine clinical “biomarkers”. Use of OSI, OI, PaO2/FiO2 
or SaO2/FiO2 in addition to AVDSf has been shown to 
identify children with PARDS at high risk for death (116).  
Similarly, in a multicenter investigation of 20 clinical 
biomarkers, both logistic regression analyses and 10-fold 
cross validation modelling resulted in a parsimonious model 
of increasing OI and history of cancer or hematopoietic 
stem cell transplantation yielding the best discrimination 
and mortality prediction (117). 

Finally, the use of chest imaging as a biomarker to aid in 
PARDS prediction and prognostication, whether by chest 
radiograph, computerized tomography, lung ultrasound and 
other modalities remain another active and emerging area 
of biomarker research (118-121).

Combining clinical indices and plasma 
biomarkers: identification of ARDS and PARDS 
sub-phenotypes

Heterogeneity in patients with ARDS likely contributes 
significantly to the failure of the treatments tested thus 
far (2). Simulation models demonstrate that heterogeneity 
in cohorts of patients with acute respiratory failure can 
significantly impact clinical trial results (3). In a negative 
trial, there may be no benefit for the entire cohort, while a 
high-risk subgroup (sub phenotype) of patients may actually 
benefit from the treatment. On the other hand, a ‘positive 
trial’ showing benefit for the entire cohort may result in 
harm to a subgroup of patients due to the treatment (3).  

Drs. Calfee and Delucci have used LCA to identify 2 sub 
phenotypes in adult ARDS patients with different biomarker 
profiles, clinical and biological characteristics, clinical 
outcomes, and response to both nonpharmacologic and 
pharmacologic treatments (18,122,123). These findings have 
since been independently replicated in 4 different NHLBI-
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funded adult ARDS trials (123). The hyperinflammatory 
ARDS sub phenotype, characterized in part by higher 
plasma inflammatory biomarkers [IL-6, IL-8, soluble 
tumor necrosis factor receptor-1 (sTNFr-1), PAI-1, Ang-2, 
RAGE], and decreased Protein C, is associated with 20–30% 
higher mortality and approximately 10-day longer length 
of mechanical ventilation. The two sub phenotypes appear 
to be stable to at least 3 days after meeting ARDS criteria. 
While no PARDS latent class analyses exist to date, Yehya 
and Wong applied classification and regression tree (CART) 
analysis in PARDS patients. They determined age plus 3 
biomarkers (C-C chemokine ligand 3, IL-8 and heat shock 
protein A1B) can identify children with low, intermediate 
and high risk of death (124). Assuredly, LCA and CART are 
another emerging area of PARDS biomarker research. 

Conclusions

Biomarker research in PARDS is evolving and expanding 
rapidly. The future is bright and includes many novel 
biomarkers evaluable throughout all aspects of the PARDS 
pathophysiological process. Insights into markers specific 
for at risk patients as well as assessment of combinations 
of plasma, lung fluid and clinical biomarkers in established 
PARDS are likely to uncover important subphenotypes that 
will herald the next phases of precision medicine. Finally, 
technological advances in biomarker measurement will allow 
for small volume measurements, so integral to the pediatric 
population, as well as point of care assessments that will truly 
enable the bench to be brought to the bedside. 
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