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Preventing ARDS

Progress, Promise, and Pitfalls

Jeremy R. Beitler, MD, David A. Schoenfeld, PhD, and B. Taylor Thompson, MD

Advances in critical care practice have led to a substantial decline in the incidence of ARDS
over the past several years. Low tidal volume ventilation, timely resuscitation and antimicro-
bial administration, restrictive transfusion practices, and primary prevention of aspiration and
nosocomial pneumonia have likely contributed to this reduction. Despite decades of research,
there is no proven pharmacologic treatment of ARDS, and mortality from ARDS remains high.
Consequently, recent initiatives have broadened the scope of lung injury research to include
targeted prevention of ARDS. Prediction scores have been developed to identify patients at
risk for ARDS, and clinical trials testing aspirin and inhaled budesonide/formoterol for ARDS
prevention are ongoing. Future trials aimed at preventing ARDS face several key challenges.
ARDS has not been validated as an end point for pivotal clinical trials, and caution is needed
when testing toxic therapies that may prevent ARDS yet potentially increase mortality.
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Significant advances in the care of critically
ill patients have decreased the incidence of
ARDS over the past 20 years."> Among key
contributing measures are lung-protective
ventilation,>5 timely resuscitation and
antimicrobial administration,®” restrictive
transfusion strategies,®® and ventilator care
bundles.!

Despite these measures, mortality among
patients with ARDS remains high, up to
45% for severe disease when patients with
important comorbidities are included.!

Current initiatives have broadened the scope
of lung injury research to include primary
prevention of ARDS'213 and prevention of
morbidity among ARDS survivors.'+!5
Prediction scores have been derived to
identify patients at risk for ARDS, and two
interventional trials are ongoing that target
primary prevention. To facilitate these efforts,
the National Institutes of Health has formed
the Prevention and Early Treatment of Acute
Lung Injury (PETAL) Network to conduct
multicenter clinical trials aimed at further
decreasing the disease burden of ARDS.
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Clinical trials targeting the prevention of ARDS face
several key design challenges. Perhaps the greatest
challenge is to identify at-risk patients in whom ARDS is
likely to develop and who would benefit in a meaningful
way if ARDS is indeed prevented. The selection of
appropriate study end points, adequate statistical power
for these end points, and efficient trial design are
additional challenges. The following review directly
addresses these practical challenges for studies of ARDS
prevention and discusses potential therapies for this
novel indication, including those already under investi-
gation in early stage trials.

Gains Through Improved Critical Care
Delivery

The incidence of ARDS has declined steadily over the
past decade. A pivotal study by Li et al! found that this
decline is primarily due to a decrease in nosocomial
ARDS (Fig 1). In contrast, the incidence of community-
acquired ARDS, defined as meeting diagnostic criteria
within 6 h of hospital admission, has not changed.

A decrease in the use of routine chest radiographs!s
and arterial blood gas analyses'” may have led to
underdiagnosis of nosocomial ARDS over time,
partially accounting for this trend. Similarly, adoption
of restrictive fluid management strategies may have
reduced the incidence of hydrostatic pulmonary
edema misdiagnosed as ARDS.1819 Several major
advances in critical care practice likely also contributed
to this trend.
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Figure 1 - Trends in incidence of community-acquired and nosocomial
ARDS from 2001 to 2008 in Olmsted County, Minnesota. Incidence of
community-acquired ARDS, defined as fulfilling all diagnostic criteria
within 6 h of admission, did not change significantly over time

(P =.887). Incidence of nosocomial ARDS, defined as first fulfilling all
diagnostic criteria> 48 h after admission, decreased significantly over
time (P <.001). Adapted with permission from Li et al.!
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Low Tidal Volume Ventilation

Since the landmark National Heart, Lung, and Blood
Institute (NHLBI) ARDS Network trial of lung-protective
ventilation,? tidal volumes in clinical practice have
decreased over time, even for patients without ARDS.!
High tidal volumes cause direct biomechanical injury to
the lung? and induce a systemic inflammatory response
that contributes to pulmonary and extrapulmonary
organ injury.222 High tidal volumes alone precipitate
lung injury in animal models.?> Observational studies
have repeatedly identified high tidal volume as an
independent risk factor for ARDS in patients without
lung injury at baseline.2425

Mounting evidence suggests that low tidal volumes
also prevent lung injury and morbidity in at-risk
patients without ARDS. A randomized trial of lung-
protective ventilation for critically ill patients without
ARDS demonstrated a reduction in ARDS incidence
among those randomized to 6 mL/kg predicted body
weight (PBW) compared with 10 mL/kg PBW.26
Similarly, a multicenter trial found that intraoperative
low tidal volume ventilation during major abdominal
surgery reduced pulmonary and extrapulmonary
complications and shortened hospital stay.> A meta-
analysis of 20 studies involving 2,822 patients without
ARDS at enrollment found reduced mortality, hospital
length of stay, and incidence of ARDS with low

vs traditional tidal volumes (mean, 6.45 mL/kg PBW
vs 10.60 mL/kg PBW).* Together, these findings
suggest that low tidal volumes prevent ARDS in at-risk
patients. Still, potential benefits must be balanced by
the potential risks of increased sedation requirements
and patient-ventilator dyssynchrony.2” How best to
weigh these potential risks and benefits remains to be
determined.

Timely Resuscitation and Antimicrobials

Timely resuscitation and antimicrobial administration
for sepsis, a major risk factor for ARDS, also play
important roles in ARDS prevention. Early antiviral
therapy was associated with decreased ARDS incidence
and improved mortality during the 2009 influenza
A(HIN1) pandemic.?#% Delays in antimicrobial
administration and resuscitation have been identified as
independent risk factors for ARDS.* A landmark trial
by Rivers et al® found that early goal-directed therapy,
compared with then-standard therapy, decreased the
need for mechanical ventilation, reversed shock more
rapidly, and improved mortality. Prompt fluid resuscita-
tion and appropriate antimicrobial administration?3!
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attenuate the systemic inflammatory response of sepsis
that predisposes to lung injury and ARDS.

Transfusion and Donor Strategies

Evolving transfusion practices have also contributed to
the declining incidence of ARDS. Erythrocyte, platelet,
and plasma transfusions are independent risk factors for
ARDS.?>3* A multicenter randomized trial demonstrated
that a conservative erythrocyte transfusion strategy
using a transfusion threshold hemoglobin of 7 g/dL in
most patients reduced pulmonary complications and
mortality compared with a higher threshold of 10 g/dL.?
Recognition that plasma and platelets carry a higher risk
of transfusion-related acute lung injury has led to
greater caution in their use.® Additionally, donor-related
factors have been targeted directly to reduce lung injury.
In many regions, multiparous female donors are
prohibited from donating, whereas in other regions,
parity is used to trigger HLA antibody testing to screen
for high-risk donor exclusion.®353

Prevention of Aspiration and Nosocomial
Pneumonia

Measures to prevent aspiration and nosocomial
pneumonia also may have contributed to the declining
incidence of ARDS.! Aspiration of gastric contents is an
important and largely preventable cause of ARDS.” In a

randomized trial of body positioning during mechanical
ventilation, nosocomial pneumonia occurred four times
more often in patients assigned to supine positioning
than in those assigned to semirecumbent (head of

bed 45°) positioning.? Use of care bundles to prevent
ventilator-associated pneumonia that incorporate body
positioning, antiseptic oral care, and daily evaluation for
readiness to liberate from mechanical ventilation have
been associated with a lower rate of ventilator-associated
pneumonia in a broad range of ICUs,!® almost certainly
also contributing to a decline in nosocomial ARDS.

The Checklist for Lung Injury Prevention

In a single-center study, implementation of protocol-
guided tidal volume and transfusion management was
associated with a significantly lower incidence of ARDS
(OR, 0.21; 95% CI, 0.10-0.40).32 Similarly, protocol-
driven resuscitation for severe sepsis and septic shock
has been shown to prevent respiratory failure requiring
mechanical ventilation. Together, these and other best
practices in critical care have been bundled into the
Checklist for Lung Injury Prevention (CLIP) to stan-
dardize care in clinical trials of ARDS prevention
(Table 1). The utility of adopting CLIP as a patient-
level checklist may vary depending on an institution’s
local practices, but the measures in CLIP should be
viewed as the current best practice for ARDS prevention.

TABLE 1 | The Checklist for Lung Injury Prevention (CLIP)

CLIP Element

Best Practice

Lung-protective mechanical
ventilation

Aspiration precautions

Early reassessment of noninvasive
ventilation

Adequate empirical antimicrobial

treatment and source control status

Optimal fluid management

Restrictive transfusion

Appropriate communication during
transfer of patients at risk

Antiseptic oral care

Tidal volume between 6 and 8 mL/kg predicted body weight and plateau
pressure <30 cm H,O

PEEP=5 cm H,0O

Minimize Fio,, targeting Sao, to 88%-92% after early shock

Rapid-sequence intubation performed or supervised by experienced provider
Elevated head of bed

Gastric acid neutralization absent enteral nutrition

Reevaluate work of breathing and clinical status 30 min after initiating
noninvasive ventilation to prevent delay in intubation if necessary

According to suspected site of infection, health-care exposure, and immune

Early fluid resuscitation in septic shock

Simplified ARDS Network FACTT protocol after early shock
Hemoglobin target =7 g/dL absent active bleeding or ischemia
Avoid platelet and plasma transfusions absent active bleeding

Structured handoff to ICU providers of at-risk patients who require ICU
admission, such as through SBAR

Adapted with permission from Kor et al.3 CLIP = Checklist for Lung Injury Prevention; FACTT = Fluid and Catheter Treatment Trial; PEEP = positive
end-expiratory pressure; Sao, = arterial oxygen saturation; SBAR = situation, background, assessment, recommendation.
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Early Recognition of the At-Risk Patient

ARDS does not develop in most patients with discern-
ible risk factors for lung injury.!># Investigating new
therapies targeting ARDS prevention necessitates
reliable early identification of patients at risk for lung
injury. Moreover, minimizing unnecessary exposure to
harm from candidate therapies requires reliable risk
stratification to include only patients likely to benefit
from the intervention.

To that end, Gajic et al'? derived the Lung Injury
Prediction Score (LIPS) to stratify patients at risk for
acute lung injury (Fig 2, Table 2). LIPS was validated
in a 22-hospital observational study of 5,584 patients
with at least one risk factor for ARDS.!? The score is
calculated from 22 variables considering predisposing
conditions (shock, aspiration, sepsis, pneumonia, high-
risk surgery, and trauma), physiologic data (oxygena-
tion, respiratory rate, and acid-base status), and risk
modifiers (alcohol use, diabetes, obesity, serum albumin
level, and chemotherapy). A LIPS totaling = 4 points
has a sensitivity of 0.69, specificity of 0.78, positive
predictive value of 0.18, and negative predictive value
0f 0.97.

The number of variables required to calculate LIPS

may limit feasibility in clinical practice without auto-
mated support. A secondary analysis of the LIPS cohort
found oxygen saturation by pulse oximetry (Spo,)/F10,
recorded within 6 h of hospitalization to be an indepen-
dent predictor of risk for ARDS.#' An alternative
three-component Early Acute Lung Injury score
emphasizing clinical utility was derived by Levitt et al®?
in a single-center study of patients at risk for ARDS.
This simpler score considers only supplemental oxygen
requirement (one point for 2-6 L/min, two points for

> 6 L/min), respiratory rate (one point for = 30/min),
and immunosuppression (one point if present), pro-
posing a threshold of =2 points for optimal perfor-
mance. Although the Early Acute Lung Injury score
performed comparably to LIPS in its derivation cohort,
multicenter validation is needed.

Notably absent from both clinical practice and research
are reliable biomarkers to prospectively identify patients
at risk for ARDS. Biomarkers of alveolar epithelial injury
(surfactant protein D, club cell secretory protein-16,
receptor for advanced glycation end products), vascular
endothelial injury (angiopoietin-2, von Willebrand
factor), inflammation (IL-6, IL-8), and coagulation
(protein C, thrombomodulin, plasminogen activator
inhibitor-1) all correlate with morbidity and mortality in
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Figure 2 - Frequency of ARDS development according to LIPS points.
Reproduced with permission from Gajic et al.’> LIPS = Lung Injury
Prediction Score.

patients with ARDS.#24 Plasma biomarker panels may
distinguish ARDS from severe sepsis or trauma without
ARDS 44 Their utility in identifying at-risk patients
without ARDS remains to be determined.

More recently, angiopoietin-2 used together with LIPS
was shown to predict subsequent development of ARDS
better than either alone (area under the curve, 0.74

vs 0.84 for either measure alone vs together, respec-
tively).* Genomic studies also have identified several
candidate genes associated with an increased risk for
ARDS, although phenotypic heterogeneity has limited
their use in clinical research thus far.#*8 These prelimi-
nary results are promising, but no biomarkers have yet
found their way into prospective clinical trials to guide
the identification of patients vulnerable to ARDS who
might benefit from therapies aimed at prevention.

As clinical prediction rules evolve with or without
biomarkers, timing between initial presentation and
ARDS onset must be considered.® The pathogenesis,
progression, response to therapy, and outcome of
established ARDS may differ for various predisposing
conditions.® In the LIPS cohort, ARDS developed a
median of 2 days after hospitalization. However, onset in
25% of all patients with ARDS occurred within the first
24 h of admission and in another 25% =4 days after
admission.!? Other studies have found that ARDS occurs
in more than one-half of patients within the first day of
hospitalization.*5! Using electronic medical records
with better integration of automated surveillance may
facilitate early recognition of at-risk patients within
this narrow window for prevention and early
treatment.*?

The variation in timing of ARDS onset may reflect
various underlying pathophysiologic processes.®
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TABLE 2 | Calculation of the Lung Injury Prediction
Score (LIPS)

Points
Characteristic Awarded
Predisposing conditions
Shock
Aspiration 2
Sepsis 1
Pneumonia 1.5
High-risk surgerya
Orthopedic spine 1
Acute abdomen 2
Cardiac 2.5
Aortic vascular 3.5
High-risk trauma
Traumatic brain injury 2
Smoke inhalation 2
Near drowning 2
Lung contusion 1.5
Multiple fractures 1.5
Risk modifiers
Alcohol abuse 1
Obesity (BMI>30 kg/m2) 1
Hypoalbuminemia 1
(albumin<3.5 g/dL)
Chemotherapy 1
Fio,>0.35 (>4 L/min) 2
Tachypnea (respirations>30/min) 1.5
Spo,<95% 1
Acidosis (pH<7.35) 1.5
Diabetes mellitus with sepsis -1

Adapted with permission from Gajic et al.!2 Spo, = oxygen saturation as
measured by pulse oximetry.
2Add 1.5 points if emergency surgery.

Accordingly, in at-risk patients, the early acute lung
injury phenotype may respond differently to therapies
than slower or only partially activated pathophysiologic
processes. Moreover, certain therapies may be effective
only at particular stages of pathogenesis. Distinguishing
among these phenotypes and understanding better the
underlying biology will have important implications for
planning new clinical investigations and interpreting
results of ongoing trials.>?

Potential Therapies

Two pioneering studies published almost 30 years ago
examined the role for IV corticosteroids to prevent
ARDS in high-risk patients and found no effect on
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ARDS development or overall mortality.5*55 Shortly
thereafter, ketoconazole and dipyridamole were tested in
pilot studies for ARDS prevention without success.’65
Pharmacologic attempts at ARDS prevention since have
been largely dormant. More recently, several potential
therapies have been proposed for ARDS prevention.5?
Early phase multicenter randomized trials of aspirin,
inhaled corticosteroids, and aerosolized 3,-agonists are
ongoing. Keratinocyte growth factor (KGF) is being
studied for the treatment of established ARDS and also
has been proposed for ARDS prevention.

Aspirin

Platelets play an increasingly recognized role in ARDS
pathogenesis through their effects on immune function,
inflammation, and vascular permeability.? Direct alveolar
injury and systemic inflammation trigger a release of
P-selectin, thromboxane A, and other molecules that
promote platelet aggregation and platelet-endothelial cell
adhesion.” In turn, activated platelets induce endothelial
intercellular adhesion molecule 1 expression and neutro-
phil recruitment to the lung, promoting a proinflamma-
tory cascade that leads to increased vascular permeability
and contributes to the development of ARDS.

Several preclinical and epidemiologic studies have
suggested a role for aspirin in preventing ARDS.3+6%6! In
a murine model of acid aspiration-induced lung injury,
aspirin improved oxygenation and decreased lung
neutrophil recruitment and edema.® Similarly, in a
murine model of transfusion-related acute lung injury,
aspirin decreased thromboxane B, levels, platelet
sequestration in the lungs, development of lung injury,
and mortality.>* Aspirin also promotes 15-epi-lipoxin A,
production, which overrides myeloperoxidase-mediated
suppression of neutrophil apoptosis and enhances
resolution of acute lung injury.62

Supporting translation of these findings, a single-center
observational study of 161 at-risk patients found that
prehospitalization antiplatelet therapy was indepen-
dently associated with a decreased risk for ARDS

(OR, 0.34; 95% CI, 0.13-0.88).6' However, a secondary
analysis of the multicenter cohort used to derive LIPS
did not find a significant association between prehospi-
talization aspirin use and ARDS among at-risk patients
(OR, 0.84; 95% CI, 0.50-1.38).6* Differences in processes
of care, study populations, and analytical techniques
may have contributed to these divergent findings.

To address this discrepancy, the LIPS investigators are
conducting an NHLBI-funded multicenter, double-blind,
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placebo-controlled, phase 2 trial of aspirin for ARDS
prevention among at-risk patients (LIPS-A: Lung Injury
Prevention Study With Aspirin [LIPS-A]).¢* Patients are
randomized to aspirin 325 mg on the first day, followed
by 81 mg for the next 6 days, or to placebo for 7 days.
Important cointerventions are standardized through the
use of CLIP. The primary outcome is the development
of ARDS within 7 days of hospitalization. Hospitalized
adult patients at high risk for ARDS as determined with
a LIPS =4 are enrolled within 12 h of hospital presenta-
tion. Key exclusion criteria are antiplatelet therapy in
the previous 7 days, ARDS prior to randomization,
active or high risk for bleeding, and severe chronic liver
disease. Study enrollment is to be completed in late
2014 with results expected in 2015.

Inhaled Corticosteroids

Inflammation plays a central role in the pathogenesis of
ARDS and associated extrapulmonary organ failure.?!22
Multiple preclinical studies have suggested that inhaled
corticosteroids may prevent ARDS through inhibition of
the proinjurious inflammatory response. In a murine
model of ARDS induced by intratracheal lipopolysac-
charide, pretreatment with inhaled budesonide limited
pulmonary edema formation and neutrophil infiltration
and reduced BAL levels of tumor necrosis factor-o, IL-13,
and IL-6 compared with untreated animals.®> In a
porcine model of lung injury induced by chlorine gas
inhalation, budesonide given concurrently with chlorine
gas attenuated impairment in lung compliance and
oxygenation compared with inhaled saline control.5
Importantly, concurrent treatment with budesonide was
also superior to administration 60 min after the expo-
sure, suggesting inhibition of the initial inflammatory
cascade may be more effective than therapy after the
proinjury pathways are activated.

Similar findings have been observed in animal models of
ARDS using an extrapulmonary trigger. Porcine models
of bacteremia-induced ARDS demonstrated diminished
pulmonary granulocyte accumulation and attenuated
impairment in oxygenation and lung compliance with
inhaled beclomethasone given within 30 to 60 min of
the initial insult.s68 Although limited clinical data exist,
prehospitalization use of inhaled corticosteroids was
associated with a decreased risk for ARDS in a sec-
ondary analysis of the LIPS cohort (OR, 0.39; 95% CI,
0.14-0.93).% Two early clinical trials of IV methylpred-
nisolone found it ineffective for ARDS prevention in
critically ill patients at high risk for lung injury.5+55
However, considerable advances in critical care since
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their completion > 2 decades ago limits interpretation
of these findings in current practice. The role for
systemic steroids in the treatment of ARDS remains
unclear.”07!

Aerosolized B,-Agonists

Alveolar fluid clearance is impaired in most patients
with ARDS, and the degree of impairment is associated
with increased mortality.”> Pulmonary (3,-adrenergic
receptor stimulation promotes alveolar fluid clearance
through cyclic adenosine monophosphate-mediated
upregulation and activation of sodium and chloride
transport proteins.”> A murine model of acid aspiration-
induced lung injury found that clinically relevant
concentrations of 3,-agonists stimulate maximal cyclic
adenosine monophosphate-dependent alveolar fluid
clearance and decrease pulmonary edema.” Aerosolized
albuterol achieves therapeutic levels in the pulmonary
edema fluid of patients with ARDS receiving mechanical
ventilation.”> Moreover, prophylactic salmeterol inhala-
tion has been shown to prevent high-altitude pulmonary
edema in humans, demonstrating its effectiveness for
primary prevention of at least one form of pulmonary
edema.”

However, in two multicenter randomized trials, selective
B,-agonists for the treatment of established ARDS failed
to produce a clinical benefit and appeared to actually
worsen outcomes.”””8 Whether these findings translate
to ARDS prevention is unknown. Intact alveolar
epithelium is required for alveolar fluid clearance.”
Thus, B,-agonists may be effective in augmenting fluid
clearance only in the setting of intact alveolar epithelium
prior to ARDS onset. Still, a recent multicenter trial of
perioperative salmeterol inhalation did not find salme-
terol to be effective at preventing lung injury following
esophagectomy (OR, 1.25; 95% CI, 0.71-2.22).7 Subopti-
mal dosing or timing of salmeterol administration may
have contributed to these negative results, highlighting
the need for further investigation.

The LIPS investigators have begun a multicenter,
double-blind, placebo-controlled, phase 2 trial of an
aerosolized 3,-agonist/corticosteroid combination for
ARDS prevention among at-risk patients (LIPS-B: Lung
Injury Prevention Study With Budesonide and Beta
Agonist [Formoterol]).8 Patients are randomized to receive
doses of combined aerosolized budesonide/formoterol
0.5 mg/20 pg or placebo every 12 h for 5 days. As in
LIPS-A, CLIP is being used to standardize cointerven-
tions. The primary outcome is change in oxygen satura-
tion as measured by pulse oximetry/F10, from baseline to
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study day 5. Inclusion criteria are similar to LIPS-A. Key
exclusion criteria include inhaled 3-agonist or corticoste-
roid therapy on admission or within the previous 7 days,
new-onset arrhythmia, chronic atrial fibrillation with a
current rate > 110 beats/min, and presentation sugges-
tive of acute coronary ischemia. Study enrollment is to
be completed in early 2015 with results available later
that year.

Keratinocyte Growth Factor

KGF is an epithelial cell-specific paracrine mediator of
cell repair expressed primarily by mesenchymal cells.?!
In the lung, KGF expression increases in response to
injury, likely stimulated in part by proinflammatory
cytokines, including IL-1f3, IL-6, and tumor necrosis
factor-a.82 Potential mechanisms by which KGF may be
lung-protective are type 2 pneumocyte proliferation,
increased surfactant production, enhanced alveolar fluid
clearance, and promotion of DNA repair after oxidant
injury.®!

Several preclinical ARDS models have found exogenous
KGF that is given prior to the pulmonary insult prevents
lung injury.#>8* In a rat model, intrabronchial KGF
pretreatment 72 h before acid aspiration reduced
histologic lung injury and mortality.$? Pretreatment only
24 h before acid aspiration did not prevent injury or
improve outcomes. In a bacterial pneumonia model,
intratracheal KGF pretreatment augmented alveolar
fluid clearance and decreased bacterial translocation
into the circulation.?* A healthy human lipopolysaccha-
ride model of lung injury found that IV KGF pretreat-
ment increased BAL concentrations of surfactant
protein D and matrix metalloproteinase 9, markers of
type 2 pneumocyte proliferation and epithelial repair,
respectively.®s Indeed, several of the promising effects of
mesenchymal stem cells, under investigation as a novel
treatment of established ARDS, may be attributed to
their secretion of KGE.#

A British group recently completed enrollment for a
multicenter, double-blind, placebo-controlled, phase 2
trial testing whether IV KGF improves the oxygenation
index in patients with ARDS.8” Results from this trial
are pending.

Other Potential Therapies

A number of other therapies have been proposed for the
prevention of ARDS among at-risk patients and have
been reviewed.588 A three-center trial of preoperative
vitamin D3 supplementation for the prevention of
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postesophagectomy ARDS is ongoing and highlights the
unique potential for preventive therapies targeting
patients undergoing high-risk elective surgery.#* Other
candidate therapies at various stages of preclinical or
clinical investigation are statins, aerosolized hypertonic
saline, metformin, curcumin, aerosolized heparin,
aerosolized and IV N-acetylcysteine, ascorbic acid,
inhibitors of the renin-angiotensin system, protease
inhibitors, prone positioning, and noninvasive positive
pressure ventilation.

Key Challenges in Study End
Points and Trial Design

Epidemiologic studies and early phase clinical trials
focusing on mechanism of action play crucial roles in
shaping future investigation into ARDS prevention.
However, these and later-phase clinical trials evaluating
patient-centered outcomes face important challenges to
feasibility unique to their focus on prevention. Selection
of study end points, the clinical population to be
studied, and flexible trial design all must be considered
carefully in the planning of prevention trials.

Traditional Study End Points and Patient Selection

Traditionally, clinical trials of ARDS have focused on
mortality as the primary outcome. However, powering
ARDS prevention trials for mortality may not be
feasible. To illustrate this challenge, consider the
multicenter cohort study used to derive the LIPS
model.”2 In this study, 22 hospitals enrolled a total of
5,584 at-risk patients. The overall mortality rate was
5.1%, and the overall incidence of ARDS was 6.8%. The
proportion of all at-risk patients in whom ARDS
developed and who subsequently died was 1.6%. Thus, a
treatment so effective that it successfully prevented
one-half of all ARDS-related deaths among at-risk
patients would decrease overall mortality from 5.1% to
4.3%. A sample size of > 20,000 patients would be
required to detect this difference with 80% power.

Ventilator-free days often is a primary or coprimary
outcome in ARDS treatment trials. This outcome
combines mortality with time to successful liberation
from mechanical ventilation among survivors. Ventilator-
free days may allow for smaller sample sizes if the
treatment reduces both duration of mechanical ventila-
tion and mortality.” However, ventilator-free days is not
clearly a patient-centered outcome, treats death and
prolonged mechanical ventilation as equal, and may fail
to detect differences between groups even when a
significant mortality difference exists.?92
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The incidence of ARDS at first glance seems an obvious
choice for a primary outcome of ARDS prevention trials.
However, it is unproven that ARDS prevention itself is a
meaningful or appropriate surrogate end point for
mortality. For example, a randomized trial of low tidal
volumes for primary prevention of ARDS demonstrated
a decreased incidence of ARDS but no mortality
difference.?¢ It is also conceivable that a drug that
effectively prevents ARDS could actually increase overall
mortality. In 3-Agonist Lung Injury Trial-2 (BALTI-2),
the IV 3,-agonist salbutamol reduced lung water in
established ARDS but increased mortality by 11%.7 By
aerosol, salmeterol effectively prevents high-altitude
pulmonary edema’® but not postesophagectomy ARDS.”
It is entirely possible that IV salbutamol effectively
prevents ARDS but, as seen in BALTI-2, increases
overall mortality.

The very risk factors that place patients at higher risk for
ARDS also increase the risk of death from other causes.!
For this same reason, restricting study eligibility to a
subset of patients at higher risk for ARDS would not
improve feasibility. To address this issue, a prevention
trial could target enrollment to the subset of patients at
high risk for ARDS who also are at low risk for death if
ARDS does not develop. This particular subset of at-risk
patients has not yet been described. More work is
needed to identify the optimal population subsets for
prevention trials, especially when testing agents with
potentially serious side effects.

Alternative Study End Points

Given these limitations of conventional outcomes,
alternative primary end points should be considered in
ARDS prevention trials and require further exploration
(Table 3). The ideal primary end point would be a
patient-centered surrogate for mortality, quality of life,
and/or cost of care that can be measured reasonably
within the practical and financial constraints of a clinical
trial. For example, incidence of acute respiratory failure
requiring positive pressure ventilation might serve as a
more relevant outcome than the occurrence of ARDS
per se. However, noninvasive and invasive ventilation
would need to be considered separately given their
dissimilar impact on patient experience and level of
care.

Alternatively, hospital-free days to day 90 could be
calculated in the same manner as ventilator-free days®
and would offer greater patient relevance while main-
taining the benefits to statistical power.® Hospital-free
days is particularly relevant in the era of chronic critical
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illness and prolonged multistage hospitalization
spanning multiple institutions that frequently character-
izes recovery from critical illness.** However, this more
patient-centered end point would be subject to vari-
ability in service availability and insurance coverage that
influence access to long-term acute care and home
services.”

Impaired functional status and neurocognitive and
physical performance are increasingly recognized
important effects of critical illnesses, including
ARDS.+% These measures have yet to be used as end
points in clinical trials of ARDS treatment or preven-
tion. However, they have been advanced as key out-
comes in the postcardiac arrest literature for > 10 years,”
and several methodologies could be adopted for ARDS
prevention trials without the need to develop new
instruments.?”? Further experience with these measures
in patients with and at risk for ARDS will be required to
produce reliable effect estimates for powering clinical
trials.

Going forward, standardization of end points for clinical
trials would facilitate interpretability, comparison of
interventions across studies, and patient-level meta-
analyses.”? Even when similar end points are used,
definitions often vary.®s Expert consensus to standardize
data collected and select essential study end points to be
used across major clinical trials of ARDS prevention is
needed.?2 In addition, the burden of developing ARDS
(or not) from the patient’s perspective needs to be
captured to gain a full measure of the effect of future
prevention efforts.

Trial Design for Process-of-Care Interventions

There are several instances where alternatives to the
conventional randomized controlled trial may be
appropriate for ARDS prevention studies. Certain
process-of-care interventions may not be amenable to
study through a patient-level randomized trial due to
cross-contamination of the control group. In such cases,
a cluster randomized trial assigning interventions at the
hospital level should be considered. Under very limited
circumstances, hospital-level interventions may not
require individual informed consent because some
process-of-care interventions (eg, transfusion thresholds
and aspiration precautions in CLIP) could be integrated
into usual care as quality improvement initiatives.

Conclusions

Advances in multiple aspects of critical care delivery
have contributed to a substantial decline in the
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TABLE 3 | Benefits and Limitations of Possible End Points for ARDS Prevention Trials

Candidate End Point Benefits

Limitations

Mortality Patient centered

trials

Ventilator-free days
adequate power

ARDS incidence Intuitive

Acute respiratory failure Patient centered
requiring positive pressure
ventilation (distinguishing

noninvasive and invasive)

resource utilization

Hospital-free days Patient centered

resource utilization

Functional and neurocognitive Patient centered

testing

resource utilization

Gold standard for ARDS treatment

Reduces sample size needed for

Common primary or secondary
outcome for ARDS treatment trials

Associated with cost of care and

Associated with cost of care and

Associated with cost of care and

Requires identifying a subset of patients
at high risk for ARDS who also are at
low risk for death if ARDS does not
develop

Much larger sample size required for
adequate power compared with trials
of established ARDS

Not clearly patient centered

Large sample size still may be required
for adequate power

Risk of bias in unblinded trials unless
weaning from mechanical ventilation
is fully protocolized

Not clearly patient centered

Variability in interpretation of chest
radiographs

Risk of therapy preventing ARDS and
yet paradoxically increasing mortality

Risk of bias in threshold applied for
needing positive pressure ventilation

Early, short-term invasive ventilation
may be beneficial in some cases where
prolonged noninvasive ventilation may
be harmful

Large sample size still may be required

Subject to variability in service
availability and insurance coverage that
influence access to long-term care

No accepted method for addressing
nonsurvivors

incidence of ARDS over the past several years. In the
coming years, additional improvements in prevention
and management of predisposing conditions, including
shock, aspiration, sepsis, pancreatitis, pneumonia,
trauma, and intraoperative and perioperative care, will
contribute further to preventing ARDS. LIPS, a vali-
dated prediction score for lung injury, has enabled
ongoing phase 2 clinical trials of aspirin and inhaled
budesonide/formoterol for ARDS prevention. Addi-
tional NHLBI initiatives, including the PETAL Network,
have the potential to further reduce the incidence of
ARDS while simultaneously improving mortality and
quality of life for patients at risk.
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