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Abstract

trials and achieving the goal of personalized medicine.

Precision medicine

Although the acute respiratory distress syndrome (ARDS) is well defined by the development of acute hypoxemia,
bilateral infiltrates and non-cardiogenic pulmonary edema, ARDS is heterogeneous in terms of clinical risk factors,
physiology of lung injury, microbiology, and biology, potentially explaining why pharmacologic therapies have been
mostly unsuccessful in treating ARDS. Identifying phenotypes of ARDS and integrating this information into patient
selection for clinical trials may increase the chance for efficacy with new treatments. In this review, we focus on clas-
sifying ARDS by the associated clinical disorders, physiological data, and radiographic imaging. We consider biologic
phenotypes, including plasma protein biomarkers, gene expression, and common causative microbiologic patho-
gens. We will also discuss the issue of focusing clinical trials on the patient’s phase of lung injury, including prevention,
administration of therapy during early acute lung injury, and treatment of established ARDS. A more in depth under-
standing of the interplay of these variables in ARDS should provide more success in designing and conducting clinical
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Introduction

The acute respiratory distress syndrome (ARDS) is
defined clinically by the onset of acute respiratory fail-
ure with hypoxemia and bilateral pulmonary infiltrates
on chest imaging that cannot be primarily attributed to
volume overload, left ventricular dysfunction or chronic
lung disease. However, these relatively simply clinical
criteria do not capture the complexity and diversity of
ARDS [1]. The syndromic definition of ARDS encom-
passes different clinical disorders associated with ARDS,
a range of pulmonary physiologic abnormalities, varying
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chest radiographic abnormalities, variability in biologic
pathways of injury as reflected by plasma protein bio-
markers and gene expression, diverse microbiologic eti-
ologies, and an evolution over time ranging from early
development of acute lung injury in spontaneously
breathing patients to ventilated patients who meet the
Berlin criteria of ARDS.

The theme of this article is to consider the potential
for classifying ARDS into phenotypes on the basis of
clinical, physiologic, radiologic, and biologic criteria that
may lead to more targeted therapies that could improve
clinical outcomes. For example, ARDS from pneumonia
may be caused by a variety of pathogens. Identifying the
causative microbiologic agent can lead to specific treat-
ment that may be effective, as has been shown in the
coronavirus disease 2019 (COVID-19) pandemic with the
recent evidence that anti-viral therapy with remdesivir
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reduces morbidity [2]. As another example of how sub-
dividing ARDS may be useful, patients with more mod-
erate to severe hypoxemia (P/F<150 mmHg) benefit
from prone positioning [3]. One of the central challenges
facing the field in ARDS is whether or how to incorpo-
rate our expanded knowledge of ARDS phenotypes into
future clinical trials and practice, with the hope that this
approach could identify subsets that will be more respon-
sive to specific treatments beyond the current supportive
care therapies that have improved clinical outcomes. We
will also consider time dependent factors in the evolution
of acute lung injury and ARDS, since this variable is one
determinant of which therapies might be more effective.
The reader is also referred to a related article in
this issue of Intemnsive Care Medicine that considers
approaches to the design of ARDS trials based on prog-
nostic and predictive enrichment strategies that identifies

Take-home message:

Integration of clinical, physiologic, radiographic, microbiologic and
biologic variables can provide pathways for defining phenotypes
and testing therapeutics in future clinical trials that can lead to a
more personalized approach for therapies in ARDS.

some approaches that are based on physiologic, systemic,
radiographic or biologic criteria [4].

Clinical categories

The development of ARDS is associated with a wide
range of infectious and non-infectious clinical conditions
(Fig. 1). Sepsis, primarily due to pneumonia, accounts
for the majority of cases among both adults and chil-
dren, though nonpulmonary sepsis (e.g., due to urinary
tract infection, bowel perforation, or other causes) may
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Fig. 1 Some recognized etiologies of ARDS. Circle size represents approximate relative frequency, although we do not have enough information
regarding frequency for this figure to be an accurate estimate for COVID-19 viral pneumonia. Clinical disorders associated with ARDS include drug-
induced ARDS and ARDS following major surgical procedures such as cardiopulmonary bypass
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also lead to ARDS. Aspiration, trauma, and blood prod-
uct transfusions are also common etiologies [5-8]. More
recent clinical categories of ARDS include E-cigarette or
vaping associated lung injury (EVALI) and the pandemic
of SARS-CoV-2 related ARDS [9-11]. There are other
clinical disorders associated with ARDS including smoke
inhalation, acute exacerbations of interstitial lung disease
and primary graft dysfunction following lung transplan-
tation [12]. Negative pressure pulmonary and re-expan-
sion pulmonary edema are often thought of as causes of
ARDS, but they are primarily a form of hydrostatic pul-
monary edema and not acute lung injury [13, 14].

Clinical categorization remains an important anchor-
ing framework for both the management and prognosis
of ARDS. For example, the presence of sepsis not only
guides antimicrobial strategy, but also is associated with
more severe illness and worse outcomes [15] and has
informed clinical trial design by enrolling patients with
a common risk factor [16, 17]. Whether or not shock is
present offers further specificity to clinical classification,
although the presence or absence of shock does not read-
ily distinguish patients identified by biologic factors [18,
19]. Clinical categories of ARDS classified as direct (e.g.,
pneumonia, aspiration, or ischemia—reperfusion injury)
or indirect (e.g., non-pulmonary sepsis, multiple transfu-
sions, pancreatitis) differ in clinical predictors of mortal-
ity and in their biomarker profiles; however, there is as
yet no evidence that treatment responses consistently dif-
fer on this basis [20, 21].

Mortality from ARDS overall has decreased since the
syndrome was first described [22, 23]; however, mortal-
ity continues to differ by clinical risk factor. In 2001, one
study noted that the mortality of patients in a clinical
trial of low tidal volume ventilation ranged from 43% in
patients with sepsis to 11% in those who had sustained
major trauma [24]. Data from 2006—2014 showed a simi-
lar mortality rate for sepsis starting at 46% and declin-
ing to 40% [25]. Of note, the mortality rate for trauma
started at above 20% with an upward trend over the study
interval. This lack of improvement in mortality in the
trauma group was confirmed in a recent study compar-
ing data from 1990 through 2009 [26]. Mortality in this
study was also above 20%, though much of this may be
attributable to traumatic brain injury [27]. The incidence
of transfusion associated lung injury (TRALI) has sig-
nificantly decreased with the discovery that fresh frozen
plasma from female patients was a major factor in TRALI
pathogenesis [28, 29]. Recent studies suggest that the risk
of developing ARDS is greater with direct than indirect
injury [30], and although predictors of mortality differ
between direct and indirect ARDS, overall mortality rates
are likely similar [20, 30]. In addition, one recent study
from two institutions reported that attributable mortality

in patients who developed ARDS from sepsis was pri-
marily related to the initial severity of hypoxemia (PaO,/
FiO, <100 mmHg) [31].

The different clinical categories associated with ARDS
illustrate the complexity of ARDS in terms of patho-
genesis and also highlight how personalized medicine
approaches will need to consider how the associated clin-
ical category influences therapy. For example, patients
with COVID-19 ARDS probably benefit from the anti-
viral therapy, remdesivir, but additional data are needed
to confirm whether mechanically ventilated patients truly
benefit [2]. Survival in these patients is improved by the
use of the anti-inflammatory therapy dexamethasone
[32], in contrast to the uncertain benefit of corticoster-
oids in unselected cohorts of patients with ARDS who
do not share a common clinical risk factor [33, 34]. This
discrepancy illustrates the potential value of focusing
on distinct ARDS phenotypes based on clinical risk fac-
tor—that is, the signal for corticosteroid benefit is much
clearer in COVID-19 ARDS than it has been in 50 years
of study in non-COVID-19 ARDS. However, even the
role of corticosteroids in COVID-19 will require more
study to understand when dexamethasone may be harm-
ful or beneficial [35] and will need re-evaluation in con-
junction with new therapies that may show efficacy as
well, including potentially monoclonal antibodies, immu-
nomodulatory agents, and new anti-viral therapies.

Physiologic categories

In adult ARDS, the Berlin definition categorizes mild
ARDS as a PaO,/FiO, of 201-300 mmHg, moderate as
PaO,/FiO, of 101-200 mmHg, and severe as PaO,/FiO,
of equal to or less than 100 mmHg (Table 1) [36]. Crite-
ria for moderate and severe ARDS also require invasive
mechanical ventilation with positive end-expiratory pres-
sure (PEEP) of 5 cmH,O or greater, while in mild ARDS,
the PEEP requirement can be met noninvasively. In a
patient-level meta-analysis, mortality increased from 27%
to 32% to 45% for mild to moderate to severe ARDS [36,
37]. Several recent trials have used PaO,/FiO, for prog-
nostic enrichment, with PaO,/FiO, eligibility thresh-
olds of no more than 150 or 200 being most common [3,
38-40]. PaO,/FiO, has important limitations, however,
including being heavily influenced by ventilator settings,
especially PEEP [41, 42].

Higher pulmonary dead-space fraction and surro-
gate indices such as ventilatory ratio (VR) also correlate
with ARDS mortality [43-46]. VR is defined as [min-
ute ventilation (mL/min) x PaCO, (mmHg)]/[predicted
body weight x 100 x ideal PaCO, (mmHg)], where ideal
PaCO, is 37.5 mmHg. Whether dead-space fraction,
VR, or other physiologic measures are useful to guide
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Table 1 Definitions and severity classification for ARDS and PARDS

Criteria ARDS?

Timing
respiratory symptoms
Origin of edema

hydrostatic edema if no risk factor present

Chest imaging
collapse, or nodules

Age Adult, no age cutoff specified

Oxygenation and severity

Within 7 days of known clinical insult or new or worsening

Respiratory failure not fully explained by cardiac failure or
fluid overload. Objective assessment needed to exclude

PARDS"

Within 7 days of known clinical insult

Respiratory failure not fully explained by cardiac failure or
fluid overload

Bilateral opacities not fully explained by effusions, lobar/lung  New infiltrate(s) consistent with acute pulmonary paren-

chymal disease

Perinatal related lung disease is excluded. No age cutoff
specified

Noninvasive Included in mild ARDS Full face-mask bi-level ventilation or CPAP > 5 cmH,0 with
Pa0,/FiO, <300 or SpO,/FiO, <264

Mild 200 < Pa0,/FiO, <300 with PEEP or CPAP > 5 cmH,0O 4<0l<8,0r5<0SI75

Moderate 100 < PaO,/FiO, <200 with PEEP > 5 cmH,0O 8<0l<16,0r75<0SI<123

Severe PaO,/FiO, < 100 with PEEP > 5 cmH,O Ol>16,0rOSI> 123

ARDS, acute respiratory distress syndrome; CPAP, continuous positive airway pressure; Ol, oxygenation index; OSI, oxygen saturation index; PARDS, pediatric acute

respiratory distress syndrome; PEEP, positive end-expiratory pressure
2 ARDS Berlin Definition [36]

b Pediatric Acute Lung Injury Consensus Conference definition [65]. Special considerations addressed for cyanotic heart disease, chronic lung disease, and left

ventricular dysfunction

therapeutic selection is not well explored but has been
advocated for consideration [47, 48].

Several investigators have advocated categoriz-
ing ARDS by respiratory mechanics [49-51]. Among
the most promising measures are airway driving pres-
sure (plateau airway pressure minus PEEP) [51] and
transpulmonary pressure (airway minus pleural pres-
sure) [52—-54]. Both have intuitive appeal for quantifying
overdistension and, for transpulmonary pressure, risk of
end-expiratory airway closure and lung collapse [40, 55].
Respiratory mechanics have value for guiding mechani-
cal ventilation [56, 57], but whether they are useful for
phenotyping ARDS for interventions unrelated to venti-
lator-induced lung injury (VILI) is less clear. One study
did find that improved oxygenation in response to PEEP
identified patients with better survival [58], but this strat-
egy still requires prospective study.

Pediatric critical care clinicians have long recog-
nized the inadequacies of adult based operational defi-
nitions for ARDS when applied to children [59, 60].
First, pediatric risk factors, etiologies, pathophysiology,
and outcomes differ [61, 62]. Second, PaO, is meas-
ured less often, making the calculation of PaO,/FiO,
more challenging, since invasive arterial sampling is
used more sparingly in children. Third, dissimilar ven-
tilator modes are commonly used in children, and the
oxygenation index (OI) ([FiO,x mean airway pressure
(Paw) x 100]/PaO,) or oxygen saturation index (OSI)
([FiO, x Paw x 100]/SpO,) are primarily used to describe
hypoxemia [63, 64]. The 2015 pediatric ARDS (PARDS)

consensus [65] definition excludes infants with perinatal
related lung disease, allows for unilateral or bilateral infil-
trates, and requires OI or OSI to assess oxygenation dur-
ing invasive ventilation, but criteria for edema origin and
timing are similar to adult ARDS. The consensus defini-
tion delineates mild, moderate and severe PARDS based
on OI or OSI for patients on mechanical ventilation, with
no stratification for patients on non-invasive ventilation
(Table 1).

The ongoing PROSpect trial (NCT03896763) is a two-
by-two factorial, response-adaptive, randomized con-
trolled clinical trial of supine vs. prone positioning and
conventional mechanical ventilation vs. high-frequency
oscillatory ventilation being conducted at 60 PICUs
internationally. Up to 1000 participants will be enrolled
and adaptive randomization will begin after data is col-
lected for 400 subjects and will repeat every 100 patients
thereafter. Any group demonstrating inferiority at a pre-
planned adaptive randomization update analysis will be
eliminated to increase allocation to the superior group(s).
The trial also includes sampling of plasma biomarkers
which will make it potentially possible to identify treat-
ment responsive subsets within each of the four treat-
ment groups or within the PARDS patients overall that
are enrolled in the trial.

Chest radiography

Radiographic methods have been used for identifying
morphological phenotypes of ARDS that may respond
differently to ventilator strategies and for assessing ARDS
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severity. Studies of the morphologic characteristics of
radiographic lung infiltrates on computed tomogra-
phy (CT) have identified two subgroups termed focal
and non-focal ARDS that appear to have distinct lung
physiology [66, 67]. Patients with non-focal ARDS have
diffuse alveolar opacities on chest CT, whereas patients
with focal ARDS have focal loss of aeration predomi-
nantly in the lower lobes and dependent regions. Based
on the observation that the lungs of patients with non-
focal ARDS are significantly more recruitable than lungs
of patients with focal ARDS, it is postulated that these
radiographic subgroups may benefit from different venti-
lator strategies. Specifically, non-focal ARDS may benefit
from a higher PEEP strategy with recruitment maneuvers
to maximize recruitment of diffusely non-aerated lung.
By contrast, focal ARDS may benefit from a lower PEEP
strategy that minimizes overdistension of less affected
regions of the lungs combined with proning to improve
matching of ventilation to perfusion.

To test this hypothesis, European investigators
designed the LIVE trial [68], a randomized clinical
trial that compared personalization of ventilator set-
tings according to CT assessment of lung morphology
vs. standard 6 mL/kg tidal volume, lower PEEP ventila-
tion in 420 patients with moderate-to-severe ARDS. In
the personalized ventilator arm, patients with non-focal
ARDS received a tidal volume of 6 mL/kg, recruitment
maneuvers and high PEEP, while those with focal ARDS
received a tidal volume of 8 mL/kg, low PEEP, and prone
position. In an intention-to-treat analysis, there was no
difference in 90-day mortality between the groups. How-
ever, misclassification of patients as having focal or non-
focal ARDS occurred in 21% of patients, highlighting the
difficulty of prospective assessment of ARDS phenotypes
by CT. In a subgroup analysis, the 90-day mortality of the
misclassified patients was significantly higher in the per-
sonalized group than in the standard ventilation group.
This finding suggests that although tailoring mechanical
ventilation to lung morphology might decrease mortal-
ity in correctly classified patients, misalignment of mode
of mechanical ventilation and morphologic phenotype in
ARDS may be particularly deleterious.

Plain chest radiographs have been studied as a tool to
assess the extent of pulmonary edema in patients with
ARDS and are more readily obtained than chest CTs in
the critically ill. One group of investigators developed
the Radiographic Assessment of Lung Edema (RALE)
score to quantify both the extent and density of alveo-
lar opacities by quadrant of the chest radiograph [69].
The RALE score provides a semiquantitative assessment
of the extent of radiographic edema that has been vali-
dated against gravimetric measurement of lung edema
in explanted lungs from organ donors. In patients with

ARDS enrolled in a randomized trial of conservative
vs. liberal fluid management [70], higher RALE scores
were independently associated with lower PaO,/FiO,
and worse survival. Conservative fluid management sig-
nificantly decreased RALE score over 3 days compared
with liberal fluid management. Two subsequent studies
have confirmed that both the baseline RALE score and
the change in RALE over time are associated with clini-
cal outcomes in ARDS [71, 72]. Given the ready availabil-
ity of chest radiographs, the RALE score may have value
as a method for prognostic enrichment in clinical trials,
in particular for trials that specifically target resolution
of pulmonary edema, and could be complementary to
assessment of lung mechanics at the bedside. How the
RALE score relates to CT assessment of diffuse vs. focal
ARDS, and associated implications for personalizing
treatment, remains unknown.

Recent advances in protein biomarkers
Several recent discoveries in protein biomarkers enable
a better understanding of the pathophysiology of ARDS,
improve prognostication and offer a possible route to
precision-based care and assignment of phenotypes. Pro-
tein biomarkers in ARDS are most frequently studied in
blood (usually plasma) or the air spaces of the lung (usu-
ally bronchoalveolar lavage fluid, BALF). Theoretically,
BALF offers the advantage of studying injured lungs
directly. Variance in specimen dilution secondary to exu-
dative edema and/or acquisition procedures limits the
standardisation of protein quantification in BALF [73].
Furthermore, the need for fiberoptic bronchoscopy also
limits the routine clinical measurements of BALF pro-
tein biomarkers in ARDS [74, 75]. Less invasive sample
acquisition using blind lavage or tracheal aspirates has
been described; their relevance to corresponding BALF
samples is uncertain [76]. In a recent innovation, inves-
tigators have studied proteins that were captured in the
heat moisture exchanger filter in ventilated patients with
ARDS; protein concentrations were reasonably well cor-
related with undiluted edema fluid samples (r2 0.849—
0.951) [77]. Further studies are needed to validate this
non-invasive approach to study airspace biomarkers.
While most protein biomarkers have been confined
exclusively to the research realm, alveolar type III pro-
collagen peptide (PCP-III) is a compelling BALF protein
candidate that has been associated with pathophysiol-
ogy and outcomes in ARDS [78, 79]. In an observational
study of 32 patients, alveolar PCP-III was highly sensitive
(0.90) and specific (0.92) for diagnosing fibroprolifera-
tion in ARDS [80]. In a subsequent study, the same cut-
off was associated with fibroproliferative changes on lung
CT [81]. Further studies are underway to determine if
PCP-III can be used to guide and test interventions with
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corticosteroids in ARDS (NCT#03371498). In COVID-
19, several routinely measured serum biomarkers, such
as ferritin, CRP, and d-dimer, have been associated with
prognosis. Currently, it is unclear whether these acute-
phase proteins are merely indicators of disease severity or
offer opportunity for actionable interventions and/or are
mechanistically informative. Further studies are needed
to elucidate the precise role of these markers both in
COVID-19 and non-COVID-19 ARDS.

Translation of biomarkers into the clinical domain has
been challenging, in part due to the pursuit of a single
discriminating biomarker that is continuously distributed
in a heterogeneous clinical syndrome [82]. Investigators
are increasingly applying machine learning algorithms to
identify biologically discrete clusters of ARDS using mul-
tiple protein biomarkers [83]. A series of studies applying
latent class analysis (LCA) used a combination of clini-
cal data and plasma biomarkers to identify phenotypes
in ARDS [18, 84-86]. Using this approach, hypo- and
hyper-inflammatory phenotypes of ARDS were consist-
ently identified across five RCTs, and these phenotypes
exhibited divergent biological characteristics, clinical
features and outcomes. The hyper-inflammatory pheno-
type was associated with exaggerated inflammation with
elevated plasma levels of IL-8, IL-6, and STNFR-1. Levels
of PAI-1 were also higher in this phenotype, whereas pro-
tein C was lower. Mortality at day 90 was approximately

twofold higher in the hyper-inflammatory phenotype
across all cohorts. Importantly, in three of the trials, dif-
ferential treatment responses were observed in the phe-
notypes with improved outcomes in the treatment arm
for patients in the hyperinflammatory subgroup [18, 84,
85]. None of the original trials showed a mortality benefit
[70, 87, 88]. In related work, a group of Dutch investiga-
tors applied cluster analysis to plasma protein biomarker
data from ARDS patients and identified two pheno-
types, which they termed “reactive” and “uninflamed”;
these phenotypes have prognostic value as well, though
how they correspond to the LCA-phenotypes remains
unknown [89].

One challenge of implementing these approaches
clinically is the difficulty of identifying these pheno-
types at the bedside. LCA models are complex, com-
prising 30-40 variables that are not amenable for
prospective use. To address this challenge, investi-
gators have developed 3-variable (IL-8, bicarbonate
and protein C) and 4-variable (addition of vasopres-
sor) parsimonious models that accurately classified
the two LCA phenotypes in an independent validation
cohort (area under the curve: 0.94 and 0.95, respec-
tively) [86]. Importantly, when one of the ancillary par-
simonious models was applied to the HARP-2 study, a
randomized clinical trial that tested the efficacy of sim-
vastatin vs. placebo, a survival benefit was observed in
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Fig. 2 Kaplan—-Meier survival curve censored at day 28 in HARP-2 stratified by phenotypes assigned using a 3-variable ancillary parsimonious model
(interleukin-6, soluble tumour necrosis factor receptor-1, and vasopressor-use) and treatment (simvastatin or placebo). The variables selected in the
parsimonious model were dictated by the availability of data. This figure was previously published in Lancet Respir Med [85]. Published with permis-
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the hyperinflammatory phenotype at day 28 (Fig. 2).
The inability to quantify protein biomarkers rapidly
at the bedside is another challenge. Recently, in a pre-
liminary report in patients with COVID-19 ARDS, the
same investigators quantified IL-6 and sTNFR-1 using
a novel point-of-care assay (Evidence Multistat Ana-
lyser; Randox Laboratories, Country Antrim, UK) [90].
The assay results were used to assign ARDS phenotype
based on the parsimonious model, demonstrating the
feasibility of phenotype-classification in real-time. In
summary, these studies indicate that the application of
biomarkers for clinical trials and/or decision-making
may soon be plausible.

Gene expression

Gene expression from leukocytes can be used to
acquire a snapshot image of the immune response. An
advantage of transcriptomics over protein biomarkers
is that nucleic acid-based arrays cover tens of thou-
sands of genes and, therefore, provide a more compre-
hensive overview than the measurement of a limited
number of proteins. The major disadvantage is that
relative quantification of messenger RNA does not pro-
vide direct information on a number of transcribed
proteins and may, therefore, not directly reflect the
functional landscape in organ injury. In addition, it is
challenging to translate gene expression to a point of
care assay. Peripheral blood transcriptomics has been
used to subphenotype patients with sepsis resulting in
the identification of two to four subphenotypes with
clear differences in immune exhaustion, innate immune
response, T-cell balance and coagulation [91-94].

In ARDS, such an approach has not been tried. Gene
expression profiles of peripheral leukocytes were, how-
ever, compared between ARDS patients who were
classified as having a “reactive” or “uninflamed” sub-
phenotype based on a set of 20 plasma biomarkers of
inflammation, coagulation and endothelial injury, as
described above [95]. Approximately 30% of all genes
were differentially expressed between these subphe-
notypes. Genes associated with neutrophil activation
were enriched in the “reactive” subphenotype, which is
consistent with the activated innate immune response
suggested by increased interleukin-8 and interleu-
kin-6 protein concentrations in this subgroup. How-
ever, there was low agreement between subphenotype
allocation based on plasma proteins and sepsis sub-
phenotypes informed by blood leukocyte expression
profiles. It should be noted that any measurement in
blood reflects systemic host response, which is influ-
enced by several processes other than ARDS, as lung
injury often does not develop in isolation (Fig. 1). Thus,
another study involving 16 patients with ARDS focused

on paired measurements of gene expression of alveo-
lar macrophages (AMs) and peripheral blood mono-
cytes (PBMs) [96]. This research group found highly
divergent patterns of expression between AMs and
PBMs. Enrichment of immunoinflammatory gene sets
in AMs was associated with better clinical outcomes,
but with worse clinical outcomes in PBMs. Further
studies of both the lung and the systemic circulation in
ARDS patients will likely provide more insights into the
mechanisms of both lung and non-pulmonary organ
injury that are relevant for classical ARDS and COVID-
19 ARDS (Fig. 3).

Microbiology

Bacterial and viral infections of the lung are the most
common etiologies associated with ARDS [97]. The caus-
ative pathogens differ from ARDS secondary to commu-
nity-acquired pneumonia (CAP) or hospital-acquired
and ventilator-associated pneumonia (HAP/VAP) [98,
99]. Pathogens differ also according to age and the pres-
ence of co-morbid conditions, prior colonization, expo-
sure history and vaccination status. The treatment of a
specific infection is a pre-requisite for standard of care
and would seem to be a necessary part of any precision
medicine approaches in ARDS. However, making the
diagnosis of specific infections in ARDS can be challeng-
ing and involves standard and new methods and may
inform specific phenotype designations in the future.

The typical diagnostic approach for ARDS secondary
to CAP or HAP/VAP includes blood cultures and Gram
stain and culture of respiratory specimens (expectorated
sputum or tracheal aspirate), ideally obtained before
commencement of antimicrobial therapy [98, 99]. How-
ever, the yield of traditional cultures for detecting organ-
isms is generally low (30-50%) and varies according to
organism, receipt of prior antimicrobial therapy, and set-
ting [98].

The use of invasive respiratory sampling (ie, bron-
choalveolar lavage [BAL], protected specimen brush
[PSB]) and blind bronchial sampling [ie, mini-BAL])
leads to higher yield in identifying pathogens compared
to traditional microbiologic tests of tracheal aspirate or
sputum examination. However, even with invasive respir-
atory sampling, a high percentage of patients with ARDS
remain with no identified organisms [97]. In addition,
studies on VAP did not demonstrate an outcome benefit
on the routine use of invasive sampling with quantitative
cultures compared to noninvasive sampling with quanti-
tative cultures. Invasive respiratory sampling should be
performed in immunocompromised patients, in the pres-
ence of unexplained, persistent or worsening infiltrates.

Nucleic acid detection tests (NATs), such as poly-
merase chain reaction (PCR), are becoming available to



2143

Alveolar
Macrophages

Peripheral
Monocytes

Differential
gene

expression

L. o
» | expression

I—) ’ Subphenotypes

Bl
Peripheral
Blood Leukocytes

Differential

gene
expression

Fig. 3 Differences in peripheral leukocyte gene expression have been used to identify ARDS subphenotypes. The plasma and alveoli represent
distinct compartments, as direct comparison of peripheral monocytes and alveolar macrophages has also shown profound differences in gene

detect several pathogens including Mycoplasma spp.,
Chlamydia pneumoniae and Bordetella pertussis as well
as common bacteria such as Staphylococcus aureus and
Streptococcus pneumoniae. In one study, molecular test-
ing for 26 bacterial and viral pathogens of single lower
respiratory tract specimens achieved pathogen detection
in 87% of CAP patients compared with 39% with culture-
based methods [100]. Of these, 78% had a bacterial path-
ogen detected by PCR but only 32% were culture-positive
[100]. Legionella and Pneumococcal Urinary Antigen can
be used in patients with ARDS due to CAP [98].

With the increasing use of NATs, viral pathogens are
increasingly detected among critically ill adult patients
with respiratory illness, with a reported prevalence
between 17% to 53% of patients [101]. Detecting viruses
in respiratory specimens does not always establish cau-
sality with ARDS [102]. However, it is generally believed
that most respiratory viruses may cause ARDS, espe-
cially in the elderly, the immunocompromised, patients
with other co-morbid conditions, and occasionally in
previously healthy individuals [103]. While the role of
routine testing of PCR panels for respiratory viruses has
not been established, testing for influenza with PCR is

recommended when influenza is circulating in the com-
munity; this test is preferred over other rapid influenza
diagnostic tests (i.e., antigen test) [98]. Other uncommon
but important endemic pathogens should also be consid-
ered in the presence of history of travel, residence in cer-
tain geographic locations or history of specific exposures
(Table 2).

Next generation sequencing (NGS) techniques have
increased our ability to detect pathogens and possibly to
detect novel pathogens [104—108]. At present they have
limited clinical use, but they have the potential to change
our understanding of ARDS epidemiology. Next-gen-
eration sequencing techniques may in the future enable
pathogen identification using blood samples without the
need for invasive respiratory sampling [109, 110].

In the last two decades, several ARDS pandemics
have been due to emerging viral pathogens. The 2009
HIN1 pandemic was caused by a novel influenza A
virus (HIN1pdmO09 virus), and since then, the virus has
circulated seasonally around the world. Novel corona-
viruses have been responsible for three pandemics caus-
ing Severe Acute Respiratory Syndrome (SARS), Middle
East Respiratory Syndrome (MERS) and the ongoing
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Table 2 Common, pandemic, and endemic pathogens responsible for ARDS and their features and risk factors

Features and risk factors

Common pathogens

Streptococcus pneumoniae, Staphylococcus aureus, Haemophilus influenzae,
Moraxella catarrhalis, Legionella pneumophila, Chlamydia pneumonia,
Mycoplasma pneumonia

Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli, Acineto-
bacter species, Enterobacter species

Anaerobes
Influenza A or B virus

Picornaviruses (rhinovirus, enterovirus), Human coronaviruses (229E, NL63,
0C43, HKU1), Respiratory syncytial virus, Human metapneumovirus,
Parainfluenza (1-4), Adenoviruses

Pneumocystis jirovecii
Pandemic pathogens
SARS-CoV-2

Endemic pathogens
Bacillus anthracis (anthrax)
Yersinia pestis (pneumonic plague)

Francisella tularensis (tularemia)

Chlamydophila psittaci (psittacosis)

Coxiella burnetti (Q fever)

Mycobacterium tuberculosis

Avian influenza A/H5N1, A/H5N6, A/H7N9 and other subtypes
MERS-CoV

Hantaviruses (e.g., Sin Nombre, Andes)

Measles virus
Human adenovirus type 55 (HAdV-55)
Varicella-zoster virus

Cytomegalovirus
Blastomyces dermatitidis, Histoplasma capsulatum, Coccidioides immitis

Plasmodium falciparum

Community-acquired pneumonia

Co-morbid conditions*

Influenza active in community (Streptococcus pneumoniae, Staphylococcus
aureus, Haemophilus influenzae)

Cruise ships or resorts (Legionella pneumophila)

Hospital-acquired pneumonia

Co-morbid conditions*

Mechanical ventilation

Aspiration

Influenza A can cause pandemics

Co-morbid conditions*

Influenza active in community

Frequently detected in critically ill patients with ARDS

May cause disease in the elderly and in patients with co-morbid condi-
tions*

HIV infection or other causes of immunosuppression

Pandemic situation
Exposure to patient with known COVID-19
Residence or travel in an area with active COVID-19

In context of bioterrorism

Residence in rural areas in Madagascar
Camping, hunting or contact with rodents

Exposure to rabbits
Exposure to birds and poultry/poultry market
Exposure to farm animals or parturient cats

Residence in tuberculosis endemic areas
Co-morbid conditions: Alcoholism, injection drug use, HIV infection,
immunosuppression

Residence or travel to Southeast and East Asia
Exposure to birds and poultry/poultry market

Residence or travel to the Arabian Peninsula
Exposure to dromedary camel

Residence or travel to Western and Southwestern United States
Exposure to rodent excretions

Incomplete vaccination
Residence or travel to Southeast and East Asia

Pregnancy
Immunosuppression

Immunosuppression

Residence or travel to Ohio and Mississippi River valleys and Great Lakes
(Blastomyces dermatitidis, Histoplasma capsulatum) or Western and south-
western United States (Coccidioides immitis)

Outdoor activities in wooded areas (Blastomyces dermatitidis)

Residence or travel to malaria endemic areas

*Co-morbid conditions include alcoholism, COPD, aspiration, pregnancy, bronchiectasis, injection drug use, HIV infection, and immunosuppression

COVID-19. The latter syndrome is caused by the SARS-
CoV-2, which has 75-80% genomic similarity to the
severe acute respiratory syndrome coronavirus (SARS-
CoV), 50% to the Middle East Respiratory syndrome
coronavirus (MERS-CoV), and 96% to a bat coronavirus

[111-113]. COVID-19 was first reported in December
2019, in Wuhan, Hubei Province, China [111, 114, 115].
It then spread worldwide, infecting over 54 million peo-
ple to date to become the largest pandemic in modern
history.
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Timing of interventions

Clinical trials have established the benefit of lung pro-
tective ventilation and a conservative strategy of fluid
management in the treatment of ARDS [57, 70]. Phar-
macologic therapies have failed to improve survival [17,
116-119], although there is evidence that dexamethasone
is beneficial for COVID-19 ARDS and may have benefit
in classical non-COVID-19 ARDS [32, 34, 120]. Given
the lack of effective treatments once lung injury has pro-
gressed to ARDS, the approach to ARDS management
has been reframed to also incorporate identification and
treatment of patients at risk for ARDS or in the early
stages of lung injury. There has been a shift towards cat-
egorizing patients into one of three stages of lung injury
— presence of risk factors such as sepsis or pneumonia,
early acute lung injury, and ARDS - and modifying their
treatment accordingly (Fig. 4). Personalized approaches
to ARDS trials or treatment will need to consider the
timing of the intervention, as the clinical and biologi-
cal phenotype of ARDS evolves rapidly over the first few
hours to days of illness.

Prevention of lung injury

Since it was first hypothesized that ARDS could be pre-
vented, some studies focused on preventing lung injury
in at-risk patients. In theory, prevention might work if
the therapeutic had a low risk of harm and might actu-
ally reduce the development of ARDS. It was thought
that there might be a role for aspirin in preventing ARDS
[121], but a phase 2b trial found that the use of aspirin
did not reduce the risk of ARDS [122]. A recent rand-
omized controlled trial showed no benefit of early vita-
min D3 supplementation among critically ill, vitamin
D-deficient patients [123]. The NHLBI-funded Preven-
tion and Early Treatment of Acute Lung Injury (PETAL)
network is currently enrolling patients with septic shock
in a randomized phase 3 trial, Crystalloid Liberal or
Vasopressors Early Resuscitation in Sepsis (CLOVERS),
testing the impact of a restrictive fluids strategy (early
vasopressors followed by rescue fluids) compared to
a liberal fluid strategy (early fluids followed by rescue
vasopressors) in patients with sepsis-induced hypoten-
sion (NCT03434028) on the development of ARDS and
28-day mortality. Another trial that may launch in the
near future is Acetaminophen and Ascorbate in Sepsis:

Risk Factors For Lung Injury Present

(sepsis, shock, aspiration, pneumonia,
high-risk surgery or trauma)

Early Acute Lung Injury

ARDS Criteria Met

High-flow
nasal oxygen

Early resuscitation with
vasopressors prior to fluids

(Favorable data in Phase 2 trial;
Phase 3 trial in progress)

(Benefit shown
in Phase 3 trial)

Vitamin D
(No benefit)

Aspirin
(No benefit)

Neuromuscular
blockade
(Phase 3 trial showing no
benefit for P/IF<150 mmHg)
Inhaled corticosteroid
and beta agonist Vitamin C

(Favorable data in Phase 2 trial;
more trials planned)

(Favorable data in Phase 2 trial;
more trials planned)

Fig. 4 Timeline of recent therapies investigated in clinical trials for lung injury prevention, early acute lung injury, and ARDS. The role of Acetami-
nophen and Vitamin C will be studied in the future. A phase 2b trial reported that the use of aspirin did not reduce the risk of ARDS. A phase 3 trial
showed no mortality benefit of early vitamin D3 supplementation among critically ill, vitamin D-deficient patients. An ongoing phase 3 clinical

trial is testing the impact of a restrictive fluids strategy (early vasopressors followed by rescue fluids) as compared to a liberal fluid strategy (early
fluids followed by rescue vasopressors) in patients with sepsis-induced hypotension on 28-day mortality. High-flow nasal oxygen reduced the rate
of intubation and reduced mortality in acutely hypoxemic patients. A phase 2a randomized trial demonstrated the safety and feasibility of early
administration of a combination of an inhaled corticosteroid and beta agonist in patients at high risk of ARDS, and there is a larger phase 2b trial
ongoing. In a clinical trial of 1006 patients with PaO,/FiO, < 150 mm Hg and PEEP > 8 cm of H,O, neuromuscular blockade did not result in a signifi-
cant difference in 90-day mortality. A phase 2b trial of 167 patients showed that high dose Vitamin C in sepsis-induced ARDS was associated with a
significant reduction in SOFA score and 28-day mortality, as well as an increase in ICU-free days and hospital-free days.

N
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Targeted Therapy to Enhance Recovery (ASTER) for test-
ing the effects of acetaminophen and high dose intrave-
nous vitamin C on both pulmonary and non-pulmonary
organ dysfunction in early sepsis (NCT04291508). This
trial may help to identify specific sepsis responsive phe-
notypes prior to the development of ARDS. For exam-
ple, the trial will measure plasma free hemoglobin to
test if it will enrich for the development of more organ
failure, including ARDS, from early sepsis. Also, if aceta-
minophen shows efficacy especially in patients with
elevated plasma hemoglobin, then this assay could be
incorporated as a method for predictive enrichment in
future trials that target the pro-oxidant effects of plasma
free hemoglobin.

Treatment of early acute lung injury

Another growing interest has been to prevent progres-
sion of acute lung injury in patients who do not yet
meet criteria for ARDS. Since the initial lung injury
prevention score (LIPS) study, investigators have tried
to identify early acute lung injury prior to the onset
of respiratory failure that requires positive pressure
ventilation [124]. A three-component early acute lung
injury score incorporating oxygen requirement, res-
piratory rate, and immune suppression accurately
identified patients who progressed to ARDS with an
area under the curve of 0.86, a similar performance
to the LIPS. Patients received one point for an oxygen
requirement >2—6 L/min or 2 points for an oxygen
requirement>6 L/min, one point each for a respira-
tory rate>30/min and one point for immune suppres-
sion [125]. In this study, the median time of progression
from meeting criteria for early acute lung injury to
ARDS was 20 h, suggesting a window for intervention.
In line with the concept of selecting patients in early
sepsis at risk for ARDS by respiratory as well as hemo-
dynamic criteria, the above discussed ASTER trial will
enroll patients who require > 6 L nasal oxygen or vaso-
pressors for shock.

In 2015 a multicenter French trial compared high-flow
nasal oxygen, non-invasive face mask ventilation, and
standard oxygen therapy in patients in the emergency
department with acute hypoxemic respiratory failure,
primarily from pneumonia. The results indicated that
high-flow nasal oxygen reduced the rate of endotra-
cheal intubation in patients who presented with PaO,/
FiO, <200 mm Hg and reduced mortality in the entire
cohort of 310 acutely hypoxemic patients with PaO,/
FiO, <300 mm Hg [126]. This was a pivotal trial that
has changed clinical practice worldwide for critically ill
patients. This is also an excellent example of how to test
new interventions in the early phases of acute lung injury
prior to the development of ARDS by Berlin criteria.

On a smaller scale, a Phase 2a randomized trial dem-
onstrated the safety and feasibility of early administration
of a combination of an inhaled corticosteroid and beta
agonist in 61 patients at high risk of ARDS [127]. Treated
patients demonstrated greater longitudinal improvement
in SpO,/FiO,. An ongoing clinical trial, ARrest RESpira-
Tory Failure From PNEUMONIA (ARREST PNEUMO-
NIA), is testing the effects of a combination of an inhaled
corticosteroid and a beta agonist in preventing progres-
sion to acute respiratory failure among patients who pre-
sent with pneumonia and hypoxemia (NCT04193878).
This therapeutic approach would likely have low value
for established ARDS based on prior negative trials, but
has more promise in the early phase of acute lung injury.
Thus, personalized medicine needs to consider the opti-
mal timing to test a new intervention.

Treatment of ARDS

There has also been promising new work to test therapies
for patients with established ARDS. A phase 2b trial of
high dose vitamin C in sepsis-induced ARDS demon-
strated a significant difference in the primary outcome
of Sequential Organ Failure Assessment score at 96 h
[128]. In addition, the Vitamin C treated patients had a
significant reduction in 28-day mortality and an increase
in ICU-free days, and hospital-free days [16].

To enrich prognostically for the potential efficacy of
neuromuscular blockade, the ACURASYS phase 3 trial
required patients to be enrolled with moderate to severe
hypoxemia (Pa02/Fi02<150 mmHg) and the results
showed a lower mortality in the patients treated with
neuromuscular blockade [38]. This prospective trial was
designed on the basis of a phase 2 trial that suggested
the value of this cut-off for a phase 3 trial [129]. How-
ever, the positive results of the phase 3 trial were not
widely adopted and, therefore, a new trial, Reevaluation
Of Systemic Early Neuromuscular Blockade (ROSE), was
carried out to reassess this therapy. This phase 3 trial
enrolled 1006 patients and found that there was no mor-
tality benefit to early continuous neuromuscular block-
ade compared to usual care with lighter sedation goals
in patients with moderate-to-severe ARDS [39]. The dif-
ferent results in the ROSE trial might be explained by
the higher PEEP strategy, lighter sedation in the control
group, and earlier enrollment in the more recent trial
than in the ACURASYS trial [38, 39]. These two trials
emphasize how phenotypes for personalized medicine
can be selected on the basis of a physiologic abnormality,
in this case the severity of arterial hypoxemia, when the
goal is to test the therapy in a patient population most
likely to respond to the treatment. In the future, prognos-
tic enrichment for trials such as these may be amplified
by including measures of lung compliance, radiographic
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extent of pulmonary edema, and plasma biologic markers
as well. As discussed below, these trials did not include
patient groups to prove that non-responders would be
those with a P/F>150 mmHg, but they nevertheless did
prospectively identify an ARDS population that might
respond more effectively to the proposed therapy.

Conclusions and future challenges

Each of the sections in this review has identified several
factors that contribute to heterogeneity in patients with
ARDS. These variables include the associated clinical risk
factor (pneumonia vs. non-pulmonary sepsis vs. trauma)
or the combination of contributing clinical factors (blood
transfusions, shock), the degree of physiologic lung
injury graded by hypoxemia or impaired carbon dioxide
excretion, variability in the extent of pulmonary opacities
and lung edema on chest imaging, the range of biologic
profiles as indicated by plasma protein biomarkers and
gene expression in the blood, and the diverse number
of pathogens that can initiate ARDS, including bacteria,
viruses, fungi and parasites. How to best integrate these
various dimensions of complexity into trials testing novel
therapies for ARDS is understandably challenging, espe-
cially when one must consider whether the therapy will
be tested in the early phase of lung injury prior to posi-
tive pressure ventilation, as was the case with high flow
nasal oxygen, or once ARDS is established as in trials of
neuromuscular blockade.

Importantly, different approaches to “personaliza-
tion” will likely be required for different treatments; the
key question will be how to best select potential patients
for the therapeutic at hand. In many cases, it will not be
feasible to determine the best personalization method in
advance; particularly for trials of novel pharmacothera-
pies, counter-intuitive results may emerge [130], and/or
our understanding of biology in specific phenotypes may
be incomplete or frankly incorrect [131]. Instead, trials
in broader ARDS populations will often need to be con-
ducted first, with pre-specified plans for stratified analy-
ses by phenotype, followed by dedicated smaller trials in
phenotypes that seem to respond. Such an approach is
consistent with US FDA guidance for enrichment in clin-
ical trials, which stipulates that it is important to identify
both responders and non-responders within a given con-
dition before concluding that a therapy has benefits for a
particular subgroup.

Clearly some therapies have been successful in rand-
omized clinical trials without focusing on specific ARDS
sub-groups. Lung protective ventilation [57] and fluid
conservative therapy [70] were effective when applied to
most patients with ARDS. However, these successes are
the exception rather than the rule, and new approaches
are increasing the feasibility of testing new therapies in

a more personalized approach. For example, recent evi-
dence indicates success with real time measurements of
two plasma biomarkers in ARDS, making it more feasi-
ble to incorporate sub-phenotypes in clinical trials [90].
Physiologic variables such as the ventilatory ratio could
be used to select patients for trials that had a high like-
lihood to improve pulmonary blood flow and reduce
pulmonary dead space, similar to what was achieved in
a trial of activated protein C for ARDS from non-sepsis
causes in which pulmonary dead space was reduced
with this anti-coagulant and anti-inflammatory therapy
[132]. This approach could be used to assess the effects of
therapies that target lung vascular injury and neutrophil
endothelial complexes and reduce microvascular injury
and enhance capillary blood flow to the lung [133, 134].

The current global pandemic of ARDS related to SARS-
CoV-2 demonstrates the potential of a more focused
approach to ARDS clinical trials. Corticosteroids appear
to be effective for patients with COVID-19 associated
ARDS, in contrast to many prior studies of corticoster-
oids for ARDS which had conflicting findings, dem-
onstrating the value of enriching for a specific clinical
phenotype [32]. In the future, progress with specific bio-
logic therapeutics for ARDS such as statins or other anti-
inflammatory treatments could benefit from enrichment
with some of the variables considered in this review to
maximize their chance of efficacy.
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