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Abstract
In this article we review the ‘state of the art’ with regards to biomarkers for prediction, diagnosis
and prognosis in acute lung injury (ALI). We begin by defining biomarkers and the goals of
biomarker research in ALI including their ability to define more homogenous populations for
recruitment into trials of novel therapies as well as to identify important biological pathways in the
pathogenesis of ALI. Progress along four general routes is then examined. First the results of
wide-ranging existing protein biomarkers are reported. Secondly, we describe newer biomarkers
awaiting or with strong potential for validation. Thirdly, we report progress in the fields of
genomics and proteomics. Finally given the complexity and number of potential biomarkers, we
examine the results of combining clinical predictors with protein and other biomarkers to produce
better prognostic and diagnostic indices.
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INTRODUCTION
An invited commentary in the Lancet in 1997 noted that “despite two decades of intense
effort, there is still no means of predicting reliably whether an individual patient will
develop the acute respiratory distress syndrome (ARDS)”1. Shortly thereafter the NIH
NHLBI Clinical Trials Network (ARDSnet) trial of lower tidal volume ventilation2 with an
unprecedented 21% relative risk reduction in mortality led to renewed optimism in the field
of Acute Lung Injury (ALI). In addition to guiding clinical management, this and subsequent
ARDSnet studies have served as valuable sources of biological samples for large-scale
validation of multiple biomarkers.3

In this article we will review the ‘state of the art’ with regards to biomarkers for prediction,
diagnosis, prognosis and surrogate endpoints in ALI drawing on data from ARDSnet studies
as well as other well-characterized patient populations. In addition to candidate biomarker

© 2011 Elsevier Inc. All rights reserved.
Corresponding author for proof and reprints: Lorraine B. Ware, MD, Division of Allergy, Pulmonary and Critical Care Medicine,
Vanderbilt University, T1218 MCN, 1161 21st Avenue S, 615 322 7872 (phone), Lorraine.ware@vanderbilt.edu.
Co-author: Nicolas Barnett, Address as above, Nicolas.p.barnett@vanderbilt.edu
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Crit Care Clin. Author manuscript; available in PMC 2012 July 1.

Published in final edited form as:
Crit Care Clin. 2011 July ; 27(3): 661–683. doi:10.1016/j.ccc.2011.04.001.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



studies, contributions from the ‘omics’ revolution with its many sub-genres – genomics,
proteomics, metabolomics and others – will be discussed. Given the significant progress in
the last decade, we are optimistic that the next decade will be marked by continued
advancements in our ability to apply biomarkers to the diagnosis, treatment and
prognostication in the clinical syndrome of ALI.

BIOMARKER RESEARCH IN ALI: DEFINITIONS AND GOALS
A widely cited definition for a biomarker came from the 1998 National Institutes of Health
Biomarker Definitions Working Group: “a characteristic that is objectively measured and
evaluated as a indicator of normal biological processes, pathogenic processes, or
pharmacologic responses to a therapeutic intervention”4. This definition makes no
supposition about the material nature of the characteristic in question. Reflecting this, the
World Health Organization (WHO) suggests that a biomarker is “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 More broadly, the WHO proposed that a biomarker is
“almost any measurement reflecting an interaction between a biological system and a
potential hazard, which may be chemical, physical or biological. The response may be
functional and physiological, biochemical at the cellular level, or a molecular interaction”.6
This definition provides a mechanistic framework for conceptualizing biomarkers in ALI
and serves as a reminder that clinical signs such as pulse and blood pressure can also be
biomarkers. The fundamental goal of biomarker research is to determine the relationship
between a given biomarker and relevant clinical end-points.7

Several relevant clinical endpoints have been the focus of biomarker research in ALI. The
most clinically important outcome is mortality8 and prediction of hospital or short-term
mortality has been the predominant focus of biomarker research in the past decade.9 Another
clinical endpoint of import is that of diagnosis – can a biomarker that is specific to lung
injury facilitate the diagnosis in high-risk patients or distinguish between the high
permeability pulmonary edema of ALI and cardiogenic edema? Related to diagnosis is the
prediction of ALI in the ‘at risk’ patient. More accurate identification of patients likely to
develop ALI would facilitate trials of novel agents or quality improvement initiatives for
prevention of ALI. Similarly, identification of subgroups of patients either ‘at risk’ or with
established ALI who may have a differential response to treatment could facilitate
enrollment of more homogenous populations into clinical trials and represents an additional
clinical end-point of interest.

A further potential role for biomarkers of ALI is as surrogate end-points in clinical trials.7 A
biomarker response to treatment might substitute for a hierarchically more important clinical
end-point such as mortality in early phase clinical trials that are not powered for mortality.10

However the use of surrogate end-points can be problematic in critical care. Improvements
in surrogate end-points such as oxygenation and organ failures have not consistently been
associated with mortality reductions in sepsis or ALI studies.2 Conversely, an absence of
signal in a surrogate end-point does not necessarily imply a failure to improve mortality
outcomes.11 In summary there are many potential roles for biomarkers in clinical ALI and
these roles coalesce around predicting progression from the ‘at risk’ state, diagnosis,
response to treatment, risk stratification and prognosis.

Biomarkers –illuminating biologic pathways
Another important goal of biomarker research is to shed light on the relative contribution of
biologic pathways to ALI pathogenesis. Assays of candidate biomarkers that reflect various
aspects of ALI pathogenesis derived from experimental models can provide confirmation
that these pathways are important in the pathophysiology of human disease. Furthermore,
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modeling candidate biomarkers in a ‘head-to-head’ comparison has emerged as a powerful
tool to determine the best performing biomarkers, an approach that can also provide
important glimpses into pathogenesis.12

However, the apparent association of cytokines, biological pathways and clinical outcomes
in ALI must be tempered by the knowledge that biomarkers such as cytokines are members
of complex cascades and networks. Assessing levels of an individual cytokine dissociated
from the levels of its antagonists or natural inhibitors may lead to the erroneous impression
that an altered cytokine level reflects derangements in a biological pathway.13 In addition,
immune-reactive assays that measure the presence of a protein may provide qualitatively
different information than bioactivity assays that measure the functional, downstream
signaling activity of the protein.14

Biomarker performance & validity
Assessment of biomarker performance is a function of sensitivity (the probability of a
positive test given the presence of disease) and specificity (the probability of a negative test
given the absence of disease). The ratio of sensitivity to 1-specificity (the false positive rate)
yields a likelihood ratio. When the likelihood ratio exceeds 1 then the odds of the disease
based on the test under examination is increased and the test has greater discriminatory
value.10 The likelihood ratio is particularly useful as it can be examined at incremental
values of the diagnostic test. When the values for the sensitivity and 1-specificifity are
depicted graphically this results in a receiver operating characteristics (ROC) curve – Figure
1. The area under the curve (AUC) is a measure of performance. ROC curve analysis is
particularly indicated to assess the diagnostic accuracy of a biomarker but newer statistical
models suggest a role in disease prediction.15 A related term often used in the literature is
accuracy. Accuracy is an aggregate (rather than a multiplicative) of sensitivity and
specificity modified by the underlying prevalence of the disease.16

Validity is an overarching term that incorporates aspects of precision, performance and
reproducibility. Validity can be assessed at multiple levels. First is measurement validity: Is
the biomarker measurable with precision and reproducibility? Second is internal validity: for
a given study and clinical outcome how well does the biomarker under scrutiny perform.
Third is external validity, what is the predictive power of the biomarker beyond its initial
evaluation and its capacity for surrogacy – can the biomarker be used to stratify patient
groups based on risk for ALI or responsiveness to therapy.7 A valid biomarker may be
considered to have high effectiveness if it meets all aspects of validity.

Characteristics of the Ideal Biomarker - the “SMART” biomarker
The SMART criteria and mnemonic, a transplant from the business world, has been
suggested for assessment of the disparate elements of quality control (performance,
accuracy) and quality assurance (process measures such as reproducibility, accessibility,
ease of use and internal validity). Shehabi and colleagues suggested that a SMART
biomarker is Sensitive (and Specific), Measurable (with a high degree of precision),
Available (Affordable and safely Attainable), Responsive (and Reproducible) in a Timely
fashion (so as to expedite clinical decision making).17 Two additional words making the
comparative SMARTER18 - Evaluate (validate) and Re-evaluate (revalidate) emphasize that
biomarker research needs to be in a continuous cycle of appraisal and re-appraisal.

THE BIOMARKER & ALI INTERFACE
ALI and ARDS are complex, inflammatory syndromes of non-cardiogenic pulmonary
edema. Non-pulmonary sepsis and pneumonia are the most common causes followed by
major trauma, shock and aspiration of gastric contents.19 Injury to and permeabilization of
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endothelial and alveolar epithelial membranes, by a variety of injurious stimuli, leads to
flooding of the alveolar compartment with protein rich edema fluid, neutrophils, cellular
debris and inflammatory mediators. Multiple overlapping biologic pathways, cell and tissue
types are deranged or injured reflecting both the local (site-specific) and systemic (site-
independent) perturbations that arise in ALI. This complex pathophysiology and
heterogeneity of cause yields a large number of potential biomarkers20

BIOMARKERS OF ACUTE LUNG INJURY – A RATIONAL CLASSIFICATION
Biomarkers of ALI can be classified according to clinical, molecular biological or
pathophysiological dimensions. A clinical classification should take into consideration the
underlying cause of lung injury, the phase of disease (early exudative or late
fibroproliferative) and the site of sampling. Biomarkers of ALI may be measured in exhaled
breath condensate, undiluted pulmonary edema fluid, saline-diluted broncho-alveolar lavage
(BAL), plasma, serum, whole blood for gene expression analysis and urine. Additional
considerations include the direction of change in the biomarker, the clinical outcome under
investigation, the grade of evidence and the performance characteristics for the outcome of
interest.

A molecular biological classification categorizes biomarkers by their place in the central
dogma of molecular biology, namely the genome, transcriptome, proteome and metabolome.
Most currently described biomarkers of ALI belong to the proteome and include proteins
such as enzymes, receptors polypeptides lipoproteins and glycoproteins.21–24 It is likely that
as our understanding of the genetics of ALI deepens, the focus may shift to genetic markers
for identification of individuals or populations at risk.25

Mechanistically, biomarkers can be classified by their role in the pathophysiology of ALI
which involves alveolar-capillary membrane injury, inflammation, activation of coagulation
and increased permeability pulmonary edema.26,27 For example, biomarkers reflecting local
injury to the alveolar-capillary membrane can be organized by compartment of origin
(alveolar vs. vascular) and further organized according to the cell or tissue of origin
(epithelial, endothelial, extracellular matrix) from which they are released. Surfactant
proteins, for example, are released from alveolar epithelial cells and are considered markers
of alveolar epithelial cell injury.3 Biomarkers mediating inflammation can be linked to their
cell of origin (neutrophil, alveolar macrophage, platelets) or to their mode of action:
cytokine, chemokine, protease, anti-protease and lipid signaling molecule. Biomarkers of
coagulation can reflect activation of coagulation, endogenous anticoagulant systems or
impaired fibrinolysis. Finally, increased pulmonary permeability results in a high ratio of
protein in the pulmonary edema compared to plasma. This ratio in and of itself can be a
useful biomarker for diagnosis of ALI.28 Alternatively biomarkers may track the repair and
resolution pathways that mitigate or prolong the high permeability edema state.

Although these classification systems create an orderly framework for consideration of ALI
biomarkers, they may create artificial distinctions between overlapping pathways. The more
integrated systems biology approach considers all these elements and classifications as
interlinked, weaving together structural (molecular and cellular) and dynamic
(pathophysiological) features into a unified whole.29 For example, epithelial repair
mechanisms are instances of an anatomic or structural defect in the epithelium with clear
pathogenic (dynamic) consequences. Potential biomarkers of ALI are summarized in Figure
2 according to pathophysiology and/or tissue of origin.
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PROTEIN BIOMARKERS FOR PREDICTION OF ALI IN THE ‘AT RISK’
PATIENT
Inflammation and cytokines

ALI is characterized by intra-alveolar inflammation mediated in part by pro-inflammatory
cytokines. Differing cytokine profiles are characteristic of the early stages of ALI (termed
the early response cytokines) compared to the later fibro-proliferative phase. Rising levels of
inflammatory cytokines might be expected to precede the development of ALI in the ‘at
risk’ patient population. Cytokines that have been identified in ALI include the interleukins
IL-2, IL-6, IL-8, IL-10, IL-1β and its receptor antagonist IL-1ra, TNF-α and the soluble TNF
1 and 2 receptors – not strictly cytokines but an integral part of the downstream cytokine
cascade.30,31 Remarkably for such central mediators, neither pro-inflammatory nor anti-
inflammatory plasma cytokines have proved particularly useful in predicting ALI
development.

Parsons and colleagues32 measured plasma levels of the anti-inflammatory cytokines IL-10
and IL-1 ra, both anti-inflammatory cytokines and found no association with disease
prediction. Similarly, Bouros and colleagues33 failed to show a strong positive predictive
value of either plasma or BAL IL-6 or IL-8 for development of ARDS in patients at risk.
TNF-α, a pleiotropic and early phase cytokine, has also repeatedly failed to predict ALI
development34,35 though issues with both the sensitivity and the internal validity of TNF-α
assays (immuno-assay vs. bioassay) are well documented.34 In contrast, Takala and
colleagues36 found elevated serum IL-8, IL-6 and soluble IL-2 receptor concentrations in ‘at
risk’ patients who went on to develop ALI though none of the markers was able to
discriminate between ARDS and non-ARDS patients. Donnelly and collegues37 measured
plasma and BAL IL-8 in 29 consecutively enrolled ‘at risk’ patients. They showed
significantly elevated BAL (but not plasma) IL-8 in the ‘at risk’ cohort who went on to
develop ALI.

High Mobility Box-1 protein (HMGB1) is a DNA binding protein and inflammatory
cytokine. HMGB1 is a ligand for and mediates part of its inflammatory effects through the
Receptor for Advanced Glycation End Products (RAGE), a marker of epithelial injury.
Cohen and colleagues38 showed that HMBG1 was released early (within 30 minutes) into
the circulation of patients admitted to the emergency room after trauma and correlated with
the development of acute organ dysfunction – including ALI.

Overall, the evidence to date indicates that cytokine levels are characteristic of but only
weakly predictive for ALI. Causal heterogeneity, lack of statistical power and the
observational nature of the studies undertaken suggest that there could still be some scope in
determining the role of selected cytokine biomarkers (e.g. HMGB1) in ALI prediction.

Markers of Endothelial injury
Lung endothelial injury and activation leads to the increase in vascular permeability and
influx of protein-rich edema fluid in ALI. Endothelial activation can be viewed as a three-
fold process. Neutrophils are mobilized from the circulation to the alveolar space by
bridging molecules that support neutrophil margination and adhesion (selectins and
intercellular adhesion molecules (ICAMs)).39 This process is abetted by the secretion of
angiopoietin-2 from endothelial cells which further destabilizes and permeabilizes the
endothelial membrane – a process that is believed to be essential to allow endothelial cell
migration and new vessel formation.40 Simultaneously the injured endothelium releases
proteins such as von Willebrand factor that encourage vascular hemostasis.41 Endothelial
activation and injury is thus an essential mechanism of non-cardiogenic pulmonary edema
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and biomarkers that reflect this process are promising in identifying the ‘at risk’ critically ill
patient who will progress to ALI.

Angiopoietin-2
The angiopoietins are potent regulators of vascular permeability in critical illness,
pulmonary diseases and beyond.40 Four ligands (Ang 1–4) have been identified but Ang-1
and Ang-2 are the best characterized.42 Both Ang-1 and Ang-2 bind to a common receptor
termed Tie 2, a tyrosine kinase receptor present on the endothelial cell surface. Ang-1 is
constitutively expressed in all vessels under quiescent conditions to maintain vessel wall
stability and homeostasis. Injury to the vessel wall tilts the balance towards Ang-2
expression, which counteracts Ang-1 via Tie 2 inhibition.41 Ang-2 activates Rho kinase
causing disaggregation of cell-cell junctions and potentiation of the inflammatory NfΚB
pathway while silencing protective P13K/Akt (phosphoinositide-3 kinase) signaling vital to
cell survival. The net result is capillary leak, neutrophil transmigration and angiogenesis.40

Clinical measurements of circulating Ang-2 have provided interesting results. Gallagher and
colleagues43 in 63 ‘at risk’ surgical ICU patients showed higher median levels of Ang-2 in
the patients who developed ALI compared to those who did not (10.1 vs. 3.7 ng/ml) and
significantly higher median levels (19.8 ng/ml vs. 5.3, P = 0.004) in ALI patients who did
not survive in samples obtained on the day of meeting ALI criteria.

Of particular interest are data linking polymorphisms in the Ang-2 gene (ANGPT2) to
susceptibility to trauma-induced ALI.44,45 Using a large-scale candidate gene platform, the
two single nucleotide polymorphisms most strongly associated with ALI were present in the
Ang-2 gene. These findings were validated in two separate populations across two
ethnicities. One of the ANGPT2 polymorphisms was associated with higher levels of a
variant Ang-2 isoform in plasma.46

VEGF (Vascular endothelial growth factor)
VEGF is another novel mediator of vascular permeability and angiogenesis functionally
related to the angiopoeitins with an adjuvant role in repair after lung injury.47 The inter-
relation of VEGF and Ang-2 is complex. VEGF upregulates Ang-248 but also appears to
induce shedding of Tie 2 to its soluble form thereby mitigating its effect on downstream
signal transduction.49 However, in contrast to Ang-2, recent studies of VEGF have not
corroborated earlier positive data and either shown no differences in plasma or edema fluid
levels50 or a weak but non-significant signal for ALI or prediction of ALI.51

Von Willebrand factor antigen
Von Willebrand factor antigen (VWF) is a large multimeric glycoprotein involved in
hemostasis. VWF performs the dual functions of coupling platelets to the endothelium via
its platelet-binding domain and as a transport protein for factor VIII. It is synthesized
principally in endothelial cells (where it resides within Weibel-Palade bodies) and to a lesser
extent in platelets. While, it is constitutively expressed, release is greatly augmented by a
wide variety of injurious stimuli.52. In a small cohort of 45 patients with non-pulmonary
sepsis ‘at risk’ for ALI, a level above 450% of control had a positive predictive value of
80% for ALI.53 Bajaj and Tricomi54 and Moss and colleagues55 in broader study
populations comprising both septic and non-septic patients could not replicate those
findings, although the study populations may have differed in relation to chest x-ray
findings. In the study by Rubin,53 the patients all had normal chest x-rays at enrollment
while some of the patients in the other two studies already had chest x-ray abnormalities and
thus may have had a sub-clinical stage of ALI.

Barnett and Ware Page 6

Crit Care Clin. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Selectins
Selectins are cell-surface adhesion molecules involved in the early phase of neutrophil
rolling and homing to a site of inflammation. There are three types E (endothelial), L
(leucocyte) and P (platelets).56 E-selectin is selectively synthesized under conditions of
cellular stress such as hypotension or organ hypoperfusion.57 Okajima and colleagues24

measured E-selectin by a rapid laboratory assay in 50 unselected patients with SIRS
admitted to the emergency room. Higher levels of E-selectin had a positive predictive value
of 68% and negative predictive value of 86% for the development of ALI. The assay was
also predictive for other organ failures. Donnelly and colleagues58 measured all three
selectins in plasma in 82 ‘at risk’ patients with trauma, pancreatitis or perforated bowel.
Cleaved, soluble L-selectin (sL-selectin) was significantly lower in those patients who
progressed to ARDS than those who did not. Unlike Okajima and colleagues they found no
differences in plasma E- or P-selectin. The biologic rationale for lower sL-selectin is
unknown since cleaved L-selectin is required for normal leukocyte migration but the authors
speculated that sL-selectin may become bound to a ligand present on the endothelium,
reducing circulating levels.

Markers of Epithelial injury
Epithelial injury is a pivotal step that contributes to inflammation and the influx of
pulmonary edema fluid in ALI. Injury to the epithelium also compromises alveolar fluid
clearance and surfactant production (from type II cells), facilitates bacterial transmigration
into the systemic circulation and impairs alveolar repair mechanisms.59 Evidence of
epithelial injury through release of an intracellular or cell-surface biomarker into the
alveolar space and circulation represents a powerful potential tool for prediction of the ‘at
risk’ patient.60,61

Surfactant proteins
Surfactant is a matrix of amphipathic lipoproteins and phospholipids whose major property
is to lower surface tension at end-expiration preventing alveolar collapse. Four surfactant
proteins have been identified lettered SP-A through SP-D. SP-A and SP-D are high-
molecular-weight hydrophilic molecules with marked roles in innate immunity62 whereas
SP-B and SP-C are low-molecular weight hydrophobic species essential for alveolar
epithelial membrane integrity.63

BAL SP-A levels were low in one study of patients at risk for ALI with a negative predictive
value of 100% for ALI64 when the levels remained above a cut-off of 1.2 mcg/ml. The same
investigators found elevated plasma SP-A levels in at ‘at risk’ cohort who developed ARDS
secondary to sepsis and aspiration but not trauma.65 These findings suggest that alveolar-
capillary membrane permeability leading to leak of SP-A from the airspace into the plasma
is a marker of lung epithelial injury.

In a single-centre study of 54 patients ‘at risk’ for ALI, Bersten and colleagues generated
ROC curves for plasma SP-B with an AUC of 0.77 for all-cause prediction of ALI
increasing to 0.87 for ALI from direct lung injury. However in contrast to the above study65

plasma SP-A was not predictive for ALI with an AUC 0.61.66

Interestingly, no further research on SP-B has ensued as a biomarker for detection of the at-
risk patient, perhaps due to the difficulty of measuring this hydrophobic protein in the
circulation. In addition, plasma SP-D has emerged in subsequent well-powered publications
as a diagnostic and prognostic (but not predictive) biomarker in ALI (see later section on
prognostic biomarkers).3
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Clara cell protein
Clara cell protein (CC 16) is a small 16kDa anti-inflammatory protein secreted almost
exclusively by Clara cells of the terminal bronchial epithelium.67 It is postulated to exert its
actions through blockade of the phospholipase A2 second messenger system. Results from
studies of CC16 as a biomarker for prediction of ALI have been somewhat discordant. In a
small study of 22 patients with ventilator-associated pneumonia at risk for ALI/ARDS, an
acute elevation in plasma CC 16 occurred prior to the diagnosis of the clinical syndrome of
ALI.68 Sustained elevation of 30% or more yielded a diagnostic AUC of 0.91. However
Kropski and colleagues found that plasma and pulmonary edema fluid CC16 levels were
lower in patients with ALI/ARDS than control patients with cardiogenic pulmonary edema
(CPE).69 Clearly prospective validation in larger scale trials of this interesting biomarker is
still required.

PROTEIN BIOMARKERS FOR DIAGNOSIS OF ALI
Distinct from prediction of ALI in the ‘at risk’ patient is the use of biomarkers to confirm
the diagnosis of ALI similar to the use of cardiac troponins for myocardial infarction.70

Ideally a biomarker would function and perform under all clinical conditions (i.e. be
‘universal’). However for biomarker characterization it is useful to specify the control group
(cardiogenic pulmonary edema, patients with clear chest radiographs on the ICU, normal
controls, patients ‘at risk’) against which cases are compared as well the phenotypic subtype
(sepsis-induced, trauma-induced ALI, ventilator-induced lung injury) that is being
evaluated. In addition it is important to note that the North American European Consensus
Definitions of ALI and ARDS that are applied as the gold standard for assessment of
diagnostic biomarkers have limitations in the area of specificity.71,72

Many individual biomarkers from diverse biologic ontologies have been tested that reflect
the heterogeneity of ALI. Here we will mention some of the most promising markers with
the strongest associations across important clinical end-points. First we will discuss the most
straightforward method - measurement of total protein ratios.

Endothelial and epithelial injury – Edema fluid-to-plasma protein ratios and plasma protein
levels

Protein-rich pulmonary edema due to increased permeability of the alveolar-capillary
membrane is a pathophysiologic feature of ALI. Measurement of the pulmonary edema fluid
to plasma protein (EF/PL) ratio is an intuitive, easy-to-perform and rapid way to distinguish
between high and low permeability pulmonary edema. Ware and colleagues28 used a pre-
defined EF/PL ratio of ≥ 0.65 and compared its performance by ROC analysis with expert
clinical diagnosis as the gold standard in a large cohort of 390 patients. The AUC for
discriminating ALI from cardiogenic edema was 0.81 increasing to 0.85 for measurements
taken within three hours of endotracheal intubation. This technique is limited by the need to
perform measurements early after intubation since fluid resorption mechanisms (if intact)
tend to concentrate protein levels in the alveolar space over time, potentially confounding
results.

Using a related approach, Aman and colleagues60,73 showed that low plasma levels of
albumin and/or transferrin were predictive of a pulmonary leak index > 30 × 10−3/min with
an AUC of 0.85 for albumin. However the pulmonary leak index is only a surrogate marker
of extravascular lung water and pulmonary edema and is not currently part of the consensus
criteria for ARDS.
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Epithelial markers
Receptor for advanced glycation end-products (RAGE)—RAGE is a
transmembrane protein of the immunoglobulin superfamily and multiligand receptor that
binds modified glycoproteins including high-mobility group box-1 protein (HMGB-1)
transmitting a pro-inflammatory downstream intracellular signal via NF-κB (60).74

Although it is ubiquitously expressed, expression levels are highest in the lung, RAGE is a
specific marker of lung epithelial damage since it is anchored on the basolateral membrane
of the alveolar type I cell. RAGE levels are increased in the plasma and pulmonary edema
fluid of patients with ALI compared to patients with hydrostatic pulmonary edema.75 In a
study of patients with severe trauma at high risk for ALI, RAGE was the best performing
biomarker out of a panel of 21 biomarkers for distinguishing patients with ALI from those
without ALI.76 In a much larger study of 676 patients from the ARDS Network trial of low
tidal volume ventilation Calfee and colleagues60 showed that after adjusting for potential
confounders, RAGE was also a marker of worse clinical outcomes (including mortality)
only in patients in the higher tidal volume arm of the study. The overall impression is that
RAGE is associated with alveolar epithelial injury and has diagnostic abilities both for ALI
and worsening of ALI by ventilator-induced lung injury.

Laminin-5—Laminin-5, a polymorphic, polyfunctional epithelial cell adhesion molecule
has recently been identified as a potential marker of early ALI. Laminins play an important
role in cell adhesion, growth and differentiation.77 Katayama and colleagues78 showed that a
degradation product of laminin-5, G2F, the terminal active portion of its γ2-chain, was
significantly increased in the plasma of ALI patients as compared to patients with
cardiogenic pulmonary edema. High levels were maintained in non-surviving patients.

Endothelial markers
Intercellular adhesion molecule-1 (ICAM-1)—As the name suggests this molecule
mediates intercellular adhesion of leukocytes to the endothelium and epithelium where it co-
locates to the cell membrane of all three cell types. ICAM-1 is upregulated in inflammatory
states and facilitates movement of neutrophils across endothelial barriers to sites of
inflammation.79 In a small pilot study ICAM-1 was elevated in both the plasma and edema
fluid of patients with ALI as compared to patients with cardiogenic pulmonary edema.80

Earlier studies had found similar results but the elevation was confined to edema fluid only
prompting the suggestion that this was a dual endothelial-epithelial membrane marker.81

Markers of coagulation and fibrinolysis
Plasminogen activator inhibitor-1 (PAI-1)—Plasminogen activator inhibitor-1 (PAI-1)
is an antiprotease inhibitor of fibrinolysis that promotes fibrin deposition, one of the
pathologic hallmarks of the acute respiratory distress syndrome.19 Prakhakaran and
colleagues82 reported increases in plasma and pulmonary edema fluid of patients with early
ALI as compared to patients with severe hydrostatic pulmonary edema.

Extracellular matrix
Procollagen peptide (PCP) III—PCP III is a marker of collagen synthesis. Two small
studies83,84 have suggested an association of higher edema fluid levels of PCP III with ALI.
In the above-mentioned trauma study,76 among a panel of 21 plasma biomarkers PCP III
was the second best performing biomarker for distinguishing patients with ALI from
severely injured controls without ALI. In another larger study, plasma and BAL PCP III
levels decreased with steroid treatment85 suggesting that PCP III levels potentially mirror
disease activity.
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Inflammation
Lipopolysaccharide binding protein (LBP)—LPS binding protein (LBP) produced by
alveolar epithelial type II cells is an acute phase reactant that mediates transduction of a pro-
inflammatory response to LPS by binding of LPS from gram negative bacteria or lipotechoic
acid from gram positive organisms.86 Abnormalities and activation of this protein in human
sepsis syndrome have been reported for over a decade, though its role in the pathogenesis
and as a biomarker of ARDS has recently attracted renewed attention. Sustained levels of
LBP at 48 hrs post admission to the ICU were associated with ARDS (not ALI) but no ROC
curves were generated to specify a particular cut-off in LBP levels to predict ARDS.87 In
addition, admission LBP had no discriminatory value between survivors or non-survivors.

COMBINING BIOMARKERS FOR DIAGNOSIS OF ALI
Given the failure of a single biomarker to discriminate ALI with high accuracy, the question
arises whether a composite of biomarkers that represent the most commonly identified and
clinically validated biologic ontologies (inflammation, endothelial activation, lung epithelial
injury and coagulation/altered fibrinolysis) might have better performance than any
individual biomarker for diagnosis for ALI. As discussed above, Fremont and colleagues76

posed this question with regards to the diagnosis of ALI secondary to trauma. Using a
backward elimination model, 21 biomarkers were reduced to the top-performing seven:
RAGE, PCP III, brain natriuretic peptide (BNP), Ang-2, TNF-α, IL-10 and IL-8. A model
that utilized these seven biomarkers generated an AUC of 0.86 for differentiating ALI/
ARDS from a group of critically ill trauma patients without ALI who had normal chest
radiographs or hydrostatic pulmonary edema. The top three performing markers (RAGE,
PCP III and IL-8) had an AUC of 0.83 and excellent discriminatory power – Figure 1.

PROTEIN BIOMARKERS FOR PREDICTING OUTCOME IN ALI
Much of the strongest evidence in the field of ALI biomarkers comes from outcome
prediction. A number of biomarkers belonging to the biologic ontologies discussed above
have been validated in large multi-center clinical trials principally from the National Heart
Lung and Blood Institute’s ARDSNet. The outcomes most commonly predicted are hospital,
30-, 60-day or 180-day mortality, ventilator and organ-failure free-days and assessment of
response to low-tidal volume ventilation. The majority of this work has been performed in
the last 10 years and is the strongest measure of progress in the field.

Markers of endothelial injury (vWF), epithelial injury (SP-D), leukocyte-endothelial
interaction (ICAM-1), inflammation (IL-6, IL-8, TNFR1) and alterations in coagulation/
fibrinolysis (Protein C, PAI-1) have the most robust associations with clinical outcomes
such as mortality.

Elevations in plasma levels vWF were independently associated with hospital mortality to
day 180 in acute lung injury in 559 patients even after controlling for illness severity, sepsis
and ventilator strategy.88 However vWF levels were not responsive to a lower tidal volume
strategy. Similarly, higher plasma SP-D levels in 565 patients were also independently
associated with 180-day mortality and reduced ventilator and organ-failure free days.3
ICAM-1 in the larger multi-center arm of the study by Calfee and colleagues80 involving
778 patients again showed an independent association with the outcomes listed above. The
same independent association of lower levels with survival and more ventilator and organ
failure free days were replicated in 593 patients with ALI for IL-6, IL-8 and sTNFR-1.89

Finally in 779 patients, Ware and colleagues showed that lower enrollment levels of protein
C and higher levels of PAI-1 were independently and synergistically associated with
mortality and organ failure free days9 – Figure 3.
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Decoy receptor 3 (DcR 3)
DcR 3 is a soluble, pleiotropic, immunomodulator member of the tumor necrosis factor
superfamily that binds Fas ligand and LIGHT (a lymphotoxin receptor)90 with an as yet
unknown role in ALI. Chen and colleagues91 evaluated a panel of biomarkers (TNF-α, IL-6,
sTREM) including DcR 3 in 88 patients with ARDS and obtained ROC curves for mortality
prediction for each biomarker. DcR 3 had the best performance and the highest odds ratio
for mortality in this patient cohort. Its performance will need to be assessed under different
clinical conditions and against other markers but its use warrants further study.

C-reactive protein, procalcitonin and bilirubin
C-reactive protein is a biomarker in common clinical use to delineate the activity of a host of
inflammatory conditions such as sepsis, cardiovascular disease and rheumatological
disorders. ARDS is broadly an inflammatory condition of the lung and so Bajwa and
colleagues92 studied the impact of CRP levels on mortality in ARDS patients. Remarkably,
they found an association between higher CRP levels and better outcomes including 60-day
mortality, organ failure and duration of mechanical ventilation. The biologic rationale for
this finding is unclear though it might be due to reduced neutrophil chemotaxis induced by
CRP at higher levels and thus potentially a reduced inflammatory burden. The same group
measure serum bilirubin levels in a much larger cohort of 1006 patients and demonstrated a
significant association with ARDS incidence and mortality with levels > 2.0mg/dL.93

In contrast to the data on CRP, a much smaller study by Tseng and colleagues examined the
related inflammatory molecule procalcitonin (PCT) and identified it as a prognostic marker
of mortality in pneumonia-induced ARDS.94 Whether this association still holds for other
causes of ARDS or in a direct comparison with CRP is unknown.

Combining biomarkers for prognosis and pathogenesis
Drawing on the large numbers of biomarkers measured at enrollment in the ARDSNet low
tidal volume study, Ware and colleagues tested the ability of a panel of eight biomarkers that
had previously been associated with mortality (vWF, SP-D, TNFR1, IL-6, IL-8, ICAM-1
protein C and PAI-1) and six clinical predictors (age, cause of lung injury, APACHE III
score, plateau pressure, organ failures and alveolar-arterial difference)12 to discriminate 60-
day mortality in patients with ALI/ARDS enrolled in the high PEEP vs. low PEEP trial.95

Using the clinical predictors only, a logistic regression model had an AUC of 0.815. A
model combining the eight biomarkers with the six clinical predictors had improved
discrimination with an AUC of 0.850 suggesting a modest benefit in terms of adding
biomarkers. A reduced model with APACHE III score, age, SP-D and IL-8 had an AUC of
0.834 – Figure 4. In this study, the best performing biomarkers were markers of alveolar
epithelial injury (SP-D) and inflammation/neutrophil chemotaxis (IL-8), highlighting the
importance of these mechanisms in the pathogenesis of ALI.

A similar analysis was undertaken with pre-selected biomarkers of inflammation and
coagulation to investigate if these markers were still predictive of clinical outcomes
following the widespread institution of low tidal volume ventilation.96 In 50 patients with
early ALI the three top markers out of a broad panel were IL-8, ICAM-1 and protein C of
which the first two were independently associated with increased mortality in ALI. SP-D
was not measured in this cohort. It is notable that IL-8 featured prominently in both data sets
that have a combination of biomarkers.12,76

Risk reclassification with multiple biomarkers
Risk reclassification is a relatively new statistical approach that was developed to overcome
deficiencies with ROC-based methods, which typically require large odds ratios to
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demonstrate improvements in the AUC with addition of a novel biomarker to established
predictors. Risk reclassification compares the predictive accuracy of two models – a baseline
model and a secondary model putatively improved by additional variables such as biomarker
data. This comparison generates a net reclassification improvement index based on the
proportion of patients newly reclassified to a risk category more closely allied with the
outcome examined.97 Working with biomarkers measured in the first two ARDSNet clinical
trials Calfee and colleagues98 showed that a panel of five biomarkers (sICAM, vWF, IL-8,
SP-D and STNFr-1) significantly improved risk prediction for mortality when compared to a
clinical prediction model using APACHE III scores only. This method also was superior in
detecting differences in outcome prediction not seen with the ROC-based approach.

BEYOND PROTEIN BIOMARKERS: NOVEL PREDICTORS IN ALI
Stem cells

Adult derived stem cells have been studied as biomarkers in ALI. Circulating endothelial
progenitor cells (EPCs) have attracted attention recently as prognostic as well as potential
therapeutic targets in ALI.99 A handful of studies have shown a small but consistent effect
linking higher circulating levels of EPCs with survival from ALI,100,101 suggesting that
mobilization of endothelial progenitor cells in periods of acute stress may be beneficial.

Exhaled breath condensate
The exhaled breath condensate (EBC) is a novel, non-invasive method for analyzing
byproducts of metabolism as the lung excretes them. The underlying biologic principal is
that injury to the lung leads to differential release of metabolites, which can be recovered in
the EBC. Both physical characteristics of the EBC such as pH and metabolites including
products of nitric oxide metabolism (nitrosative stress), isoprostanes, hydrogen peroxide and
cytokines have been studied. It is not unclear whether these measurements reflect systemic
or lung-specific production of metabolites or indeed the anatomic region of the respiratory
tract from which they arise. Acidification of the EBC and increases in nitric oxide
metabolites have been associated with overdistention from mechanical ventilation.102 A
lower EBC pH was also inversely related to Lung Index Severity Score.103 Overall, there is
still a lack of data but the use of EBC is appealing because unlike BAL, it samples the lung
compartment non-invasively. Coupling measurements of EBC to emerging metabolomic
techniques is an interesting avenue of future research.

Genetic approaches
The role of genetic polymorphisms as biomarkers of risk for ALI or poor prognosis is
beginning to be explored. The study of genetic markers in ALI encounters many of the same
methodological issues as the candidate protein biomarker approach including phenotype
definition, power estimation, quality control, population stratification and relevant control
identification. These methodological issues may take on higher significance given the
relatively modest predicted contribution of single gene polymorphisms to ALI.25

Two approaches are used in genetic studies of ALI: a candidate gene approach and the
powerful but labor-intensive genome wide approach to identifying susceptibility loci or
genes. The candidate approach is hypothesis-driven and involves choosing candidate genes
that may be of likely relevance to the disease process, based on knowledge gained from
experimental and clinical studies and testing for an association with ALI. As recently
reviewed25 only 31 genetic associations, 21 of which have been replicated, have been shown
to have associations with the ALI phenotype. Many of the genes corroborate what is known
about the pathophysiology of ALI from individual biomarkers. For example polymorphisms
in cytokines both pro (TNFA, IL6, IL8)104,105 and anti (IL10) inflammatory106, epithelial
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markers (surfactant protein B)107, cell-signaling (mannose-binding lectin108) and the deep
internal machinery of the cell (nuclear factor of κ light polypeptide gene enhancer in B cells
1)109 have been demonstrated. The most widely replicated polymorphisms are in the genes
for IL6, surfactant protein B and ACE.25 Pathogenic concepts such as dysregulated iron
metabolism have been revived by genetic association studies as evidenced in the recently
reported ferritin light chain polymorphism.110

Conversely, genome wide association studies (GWAS), are not a priori hypothesis-driven
and thus offer a potentially less biased avenue to genetic marker discovery. This approach
requires substantial increases in sample size and data analysis, but because of the relative
reduction in genotyping costs and development of more standardized approaches to GWAS
data analysis, this approach is becoming increasingly popular for discovery and replication
studies of complex diseases. The output of GWAS is candidate genes that can be supported
by other genome-wide approaches such as expression array and proteomic profiling.

Gene expression studies
Howrylak and colleagues111 explored a gene expression signature for ALI due to sepsis as
opposed to sepsis alone that would identify a set of genes uniquely activated in ALI
regardless of genetic predisposition. Using an innovative group of classification algorithms
they arrived at an eight-gene expression profile in whole blood that was characteristic of
ALI. This model had a within-study accuracy of 100% for diagnosis of ALI and when
validated still had 89% accuracy albeit with an n = 9. A similar approach was used to study
differential gene expression between the early and late phases of ARDS. Peptidase inhibitor
3 (neutrophil elastase inhibitor – PI3 or pre-elafin) gene expression became progressively
silenced from acute to recovery stages of ARDS.112 A follow-up validation study examined
the clinical significance of this finding in relation to the ratio of neutrophil elastase (HNE) to
PI3 in the plasma of ICU patients ‘at risk’ for ARDS. An increase in HNE to PI3 ratio from
pre to early ARDS in patients developing the syndrome was observed. In contrast, the ratio
fell in an ‘at risk’ patient cohort who remained free of ARDS. Thus, a change in HNE: PI3
balance might be a useful indicator of imminent ARDS.113

In summary, gene expression analysis is a promising methodology for identification of novel
biomarkers of ALI. However, it should be noted that the gene expression profile generated
depends to a large extent on the cellular mix present in the sample, a factor which is of
particular concern in whole blood gene expression studies.

Proteomics and metabolomics
Proteomics is a systems-based methodology for mining the complex changes in protein
expression and posttranslational modifications present in biological samples that can occur
with disease processes. A variety of approaches have been used including 2-dimensional
electrophoresis methods as well as the more powerful approach of liquid chromatography-
tandem mass spectrometry. Insulin-growth factor-binding protein-3 (IGFBP-3), a marker of
apoptosis, and S100 proteins A8 and A9 proteins, markers of inflammation have been
identified in this way.114,115 The next frontier is to move forward from descriptive lists of
differentially expressed proteins to mechanistic insights making use of a plethora of cutting
edge analytic tools such as principal component analysis, gene-ontology and network
analysis to identify nodal points of protein-protein interaction.116,117

The nascent field of metabolomics may also be an avenue for biomarker discovery.
Downstream metabolic profiles are analyzed to characterize a physiological or disease-
specific state. Critically, metabolomics allows ‘real time’ integration of upstream genomic
and proteomic data.118 This approach was explored in a small sample of major trauma
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patients admitted to the emergency room using nuclear magnetic resonance imaging based
metabolomics on whole blood to establish a differential metabolic ‘fingerprint’ between
survivors and non-survivors.119 Similarly, Stringer and colleagues120 performed a feasibility
study to identify metabolites associated with sepsis-induced ALI. They found quantitative
differences in four metabolites: total glutathione, adenosine, phosphatidylserine and
sphingomyelin between healthy controls and a small cohort with sepsis-induced ALI. It is
premature to assess the potential impact of this methodology but newer more quantitative
methodologies should advance the field.

SUMMARY
So are we making progress? In this review we have identified four areas where significant
progress has been made over the last 10 years. The first has been the large-scale validation
of a number of candidate biomarkers from a range of biologic pathways (IL-8, IL-6, vWF,
protein C, PAI-1, SP-D) for prognostication and mortality prediction. The second area is a
number of novel predictors, still requiring validation, mediating endothelial permeability
(Ang-2), epithelial cell injury (Clara cell protein) and inflammation (decoy receptor 3) that
appear to have strong translational potential or to be of particular scientific interest such as
endothelial progenitor cells. It is important to note that only 2% of the proteome has been
fully characterized, which helps to contextualize the current state of ALI biomarker
research. The third area is the advent of genomics and proteomics allied to computationally
intensive methods in the field of bioinformatics. These high-dimensional methodologies
hold great promise for integrating vast arrays of information, to make predictions about
those at risk or those with early disease from genomic or proteomic signatures and to
identify novel biomarkers. The final area has been our ability to combine and test all of the
above into prognostic indices capable of outperforming individual biomarkers alone.

Although much progress has been made, it should be noted that further progress will be
dependent on the availability of large well-phenotyped databases of clinical data and
biological samples from patients at risk for and with established ALI. Only with large
samples sizes and excellent clinical phenotyping will full operationalization of candidate and
novel biomarkers be possible, transforming candidate into clinic-worthy biomarkers, so that
our patients may ultimately benefit.
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Figure 1.
Receiver Operator Characteristic curve analysis for the seven best performing biomarkers
from a 21 biomarker panel for the diagnosis of trauma-induced acute lung injury. The three
most discriminatory biomarkers were RAGE, BNP and PCP III with an AUC of 0.83. Figure
reproduced from Fremont RD, Koyama T, Calfee CS, et al., J Trauma. May 2010; 68(5):
1124, with permission.
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Figure 2.
Schematic representation of an alveolus and the alveolar-capillary interface demonstrating
causes, pathophysiology and important potential biomarkers for prediction, diagnosis and
prognosis in acute lung injury. Abbreviations, RBC = red blood cell. T1 = type 1 epithelial
cell. T2 = type 2 epithelial cell. ICAM-1=Intercellular adhesion molecule 1. vWF = von
Willebrand factor. PAI-1 = Plasminogen activator inhibitor 1. SP = surfactant protein.
RAGE = Receptor for Advanced Glycation Products. HMGB1= Human Mobility Group
Box 1 protein. TNFR-1 = Tumor Necrosis Factor Receptor 1.
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Figure 3.
Multi-dimensional representation charting plasma protein C and PAI-1 levels by quartile
against excessive relative risk of death calculated as the difference between the highest
PAI-1 and lowest protein C quartiles in 779 patients with acute lung injury. Reproduced
from Ware LB, Matthay MA, Parsons PE, Thompson BT, Januzzi JL, Eisner MD.
Pathogenetic and prognostic significance of altered coagulation and fibrinolysis in acute
lung injury/acute respiratory distress syndrome. Crit Care Med. Aug 2007;35(8):1826, with
permission.
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Figure 4.
Receiver Operator Characteristic curve for multiple mortality prediction models in patients
with acute lung injury. Full model includes six clinical predictors (age, cause of injury,
APACHE III, plateau pressure, organ failures, alveolar-arterial difference and eight
biomarkers (IL-8, IL-6, TNFR-1, SP-D, Protein C, PAI-1, ICAM-1) and has an AUC 0.850.
The reduced model includes APACHE III score, age, surfactant protein D and interleukin 8
with an AUC 0.834. From Ware LB et al. Chest. Feb 2010;137(2):292, with permission.
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