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Introduction

The clinical description that defines acute lung injury (ALI) has been around for more than
50 years. The clinical picture has carried many different definitions, but what was known as ALI
is most recently reclassified as moderate or mild acute respiratory distress syndrome (ARDS).
Whatever title it goes by, it remains a significant source of morbidity and mortality in the criti-
cally ill patient population. Most patients who fall under the ALl umbrella can have disease that
ranges from short-term dyspnea all the way to refractory respiratory failure. Refining the diag-
nosis of ALI remains important because patients who are diagnosed with ALI enter important
clinical pathways that have been associated with improved outcomes. ALI refers to a constella-
tion of clinical criteria that manifests as progressive hypoxemia, dyspnea, and increased work of
breathing. Although changes in fluid management and dedication to earlier source control have
seen the incidence fall, ALI still has a high incidence (200,000 per year in the United States) and
high overall mortality rate. ALI and/or ARDS accounts for more than 10% of all intensive care
unit (ICU) admissions and accounts for 4% of all hospital admissions.! The recent advances in
the understanding of pathophysiology have identified several biologic markers that are associ-
ated with worse clinical outcomes. Research into more sophisticated and protective means of
ventilation have led to improvements in survival and a reduction in the duration of mechanical
ventilation.

Despite a declining mortality rate, ALl remains a significant source of morbidity and mor-
tality in the critically ill patient population. The mortality rate is reported as high as 60% in
some patient populations and overall still remains approximately 40%.! It is estimated that ALI
accounts for approximately 79,000 deaths per year in the United States which would make it
1 of the top 8 causes of death in 2018. For patients who survive the acute phase of ALl there
is evidence that the long-term quality of life is adversely affected.!*? The history of ALI dates
back more than 50 years; however, progress in its treatment really only goes back 20 years due
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to a better understanding of the epidemiology and pathogenesis. With the high prevalence and
still unacceptably high mortality rate ALI and/or ARDS would still qualify as medical crisis. As
cytokine and cell signal pathways are explored, there is optimism that further improvements in
medical outcomes can be reached. This monograph provides an overview of the evolution of the
definition, pathogenesis, and treatment options available for ALL

Definition

In 1967 Ashbaugh and colleagues described a clinical syndrome of “severe dyspnea, tachyp-
nea, cyanosis that is refractory to oxygen therapy, loss of lung compliance, and diffuse alveo-
lar infiltration seen on chest x-ray.” They described this syndrome in 12 patients (7 of which
died) who required positive pressure mechanical ventilation.> The onset of the syndrome was
acute, typically within hours of the underlying clinical disorder. The majority of patients did
not have a history of pulmonary disease. Adequate oxygenation required the use of continu-
ous positive pressure with end expiratory pressures (PEEP). The earliest radiographic findings
were patchy infiltrates indistinguishable from cardiogenic pulmonary edema that usually became
confluent with progressive clinical deterioration. Lung compliance was substantially decreased.
Gross pathology specimens had significant consolidation and were reported to resembled hep-
atic tissue but with large airways free from obstruction. Histological examination revealed hya-
line membranes in the alveoli with microscopic atelectasis and intra-alveolar hemorrhage similar
to infant respiratory distress syndrome.

In a subsequent paper, Petty and Ashbaugh refined and elaborated on what they termed
the “adult respiratory distress syndrome.”” In a review of 40 cases, the mechanism of lung in-
jury was either direct (chest trauma, aspiration) or indirect (pancreatitis, sepsis) and, in some
cases, was attributed to mechanical ventilation. Despite numerous etiologies, the physiologic and
pathologic response of the lung was uniform. Although the onset was predictable, the resolution
could cover a wide range of outcomes. In some patients the recovery was rapid and complete
and in others it could result in permanent disability secondary to interstitial fibrosis. Overall,
fatalities were primarily due to septic complications and not refractory hypoxia.®

Although a definition describing the manifestations of the disease was often used early in its
history, a more precise definition was needed to allow focused study because there are so many
inciting factors. In 1994, after almost 30 years of varying definitions, the American-European
Consensus Conference Committee pushed for the adoption of a consensus definition for ALI
and/or ARDS. This definition had 3 criteria: the acute onset of diffuse bilateral pulmonary in-
filtrates by chest radiograph; a PaO,/FiO, <300 for ALI and <200 for ARDS; and a pulmonary
artery wedge pressure (PAWP) <18 or no clinical evidence of left atrial hypertension.* This def-
inition could be made with readily available clinical tools, a chest radiograph and an arterial
blood gas, and included an objective numeric number. Although the subjective interpretation
of the chest radiograph introduces some variability into the definition°~® it has been widely
adopted for both clinical and research purposes. The emphasis on obtaining a PAWP is often
omitted. One study found that up to 29% of patients with ALI had wedge pressures greater than
18 mm Hg. The researchers also found that most of the patients had normal cardiac output,
suggesting that volume overload secondary to an aggressive resuscitation was to blame for the
edema rather than cardiac dysfunction.? For this reason, modern updates to the definition of ALI
and/or ARDS have been suggested that would rule out cardiac causes of pulmonary edema using
an echocardiogram. Others have proposed removing the term ALI from the definition altogether.
In an attempt to make the definition purely objective, the Berlin Definition was suggested in
2012.'° This definition replaced ALl with mild, moderate, and severe ARDS as defined by the
P20, /F;0, ratio (mild < 300 mm Hg, moderate < 200 mm Hg, and severe < 100 mm Hg). This
definition speaks to the point that ARDS and ALI are the same disease on a progressive scale.
Other means of quantifying ALI and/or ARDS have been suggested such as the Murray Lung
Injury Score,'! Delphi Consensus Panel Definition,'? and the Oxygentation Index'?; however, de-
spite a potentially more accurate correlation with the degree of lung injury, these tools have
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not achieved widespread usage. The creation of a common definition has allowed researchers
to work from a common starting point which ushered in an era of significant clinical research
leading to improved patient outcomes.

Epidemiology

With the adoption of a common definition we have been able to get a clear idea of the
epidemiology of ALI which was difficult to do in the first 30 years of studying the disease. Af-
ter establishment of the consensus definition, Goss and colleagues'* used the ARDS network
database to identify ALI patients over a 3-year period, from 1996 to 1999. They reported an ad-
justed incidence of 64.2 cases per 100,000 person-years. In 2005, Rubenfeld and colleagues'
conducted a large prospective, population-based validated cohort study of ALI incidence in a
single county in Washington state containing multiple ICUs in 21 hospitals. They found the age-
adjusted incidence was 86.2 per 100,000 person-years. When these data were extrapolated to
the United States as a whole, the investigators estimated that the incidence of ALI was just
less than 200,000 patients per year, with a mortality rate of 40%.1> More recently, Li and col-
leagues 6 examined the incidence of ALl in the Mayo Clinic. They found a rate comparable to
the reported data; however, interestingly, they found the incidence of the disease falling over
the study period of 2001-2008. Further analysis revealed that the rate of community acquired
ALI was static but the incidence of hospital acquired ALl was improving due to the improved
critical care.

The distribution of ALI is not uniform across demographic classes. In the Rubenfeld cohort,
similar to other studies,!”-'® the incidence of ALI increased with age from 16 per 100,000 person-
years for those 15-19 years of age to 306 per 100,000 person-years for those 75-84 years of
age.!> These data would suggest that a spike in the incidence would be expected with the aging
population. Although the most recent epidemiology data for ALI is 10 years old, we do know the
number of elderly patients in the ICU continues to rise with the aging population.'® The original
description of ALl made an association between the pulmonary dysfunction and predisposing
etiologies such as trauma, pneumonia, and pancreatitis.> More recent large epidemiology stud-
ies describe the most common antecedent pathologies as sepsis, pneumonia, aspiration, trauma,
pancreatitis, large volume blood transfusions, and smoke or toxic gas inhalation.”’ Severe sepsis
and multiple transfusions have been associated with the highest incidence of ALI; the lowest
rates occur in patients with trauma or drug overdoses.'>2! For patients with multiple comor-
bidities, chronic alcohol abuse, or chronic lung disease, the risk for lung injury is higher.?? The
causes can essentially be placed into 2 large groups. They can be grouped into direct pulmonary
causes (pneumonia, pulmonary contusion, or inhalation injury) or indirect causes (trauma, burns,
sepsis, and multiple blood transfusions). Although the groups may have different incidences of
ALI development,?® there is an unclear association with mortality rate.

Due to a vast collection of research and evolving therapeutic interventions, the ALl mortal-
ity rate has declined over the last 2 decades. In the 1980s, prior to the adoption of a uniform
definition, mortality rates were approximately 64%-70%.24-26 More recent studies now indicate
a mortality risk of 29%-42%.!:1°:27-29 The precipitating pathology that caused ALI is an impor-
tant determinant of the mortality rate. Numerous clinical disorders have been associated with
the development of ALI, with various associated outcomes. Sepsis is associated with the highest
mortality rate (43%), while noninfectious diagnoses such as major trauma carry a significantly
lower risk of death (11%).3° Two other demographic variables, age and race, have a reproducible
relationship with outcomes in ALL Not surprisingly, Rubenfeld and colleagues > found that mor-
tality rate was significantly lower in patients 15-19 years of age (24%) compared to patients 85
years of age or older (60%). The pediatric population is not immune to ALI, but their low mor-
tality rate (22%) emphasizes that age is an important factor in prognosis.’! More recent studies
have confirmed the association with age and also cited active neoplasm and chronic liver fail-
ure as nonmodifiable risk factors for poor outcomes.>? Racial inequalities in outcome have also
been observed in African-Americans and Hispanics since these 2 groups have a higher 60-day
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Fig. 1. Acute respiratory distress syndrome (ARDS) timeline. The 4 phases of ALI/ARDS follow a predictable pattern that
produces related clinical effects. Therapeutic interventions are aimed at minimizing the alveolar changes in each phase
and aborting progression to fibrogenesis which leads to permanent dysfunction.'®®

mortality rate (33%) compared to Caucasians (27%.)* This increased risk of death is independent
of age, gender, ventilation strategy, lung injury etiology, comorbidities, or degree of hypoxemia.

It is important to remember that ALI develops in the setting of nonpulmonary organ failure.
These patients often have cardiovascular collapse requiring vasopressors, hepatic dysfunction,
and renal insufficiency. The multisystem organ failure causing ALI has a profound effect on the
outcome of the ALL One example would be a study by Kiu and colleagues that found that ALI in
patients with concurrent acute kidney injury (defined as a serum creatinine >50% of baseline)
more than doubled the mortality rate from ALI (26% to 56%, P < 0.001).34

Histology

The histologic changes that occur in ARDS in the lung were first described in 1977 by Ba-
chofen and Weibel.*> The histologic counterpart of ALI and/or ARDS is called diffuse alveolar
damage (DAD) and the histologic evolution occurs in a reproducible pattern. From studies of
ARDS, the pathologic changes appear to proceed consistently through discrete but overlapping
phases: an early exudative (acute) phase, a subacute proliferative (organizing) phase, and a late
fibrotic phase (Fig. 1). The acute phase (the first 1-6 days), is characterized by an influx of neu-
trophils, macrophages, and red blood cells in the alveoli. There is the initial development of dis-
tinctive hyaline membranes lining alveolar spaces. Interstitial and alveolar edema is frequently
identified and acute alveolar hemorrhage may be present. Endothelial cells and pneumocytes
undergo necrosis. The hyaline membranes mature as DAD continues into the organizing or sub-
acute phase (days 7-14), and granulation tissue develops in the alveolar spaces. In an effort to
heal the alveoli type Il pneumocytes demonstrate marked reactivity and become hyperplastic.
During the late fibrotic phase (after 14 days) squamous metaplasia, often times abundant enough
to mimic carcinoma, may arise. Granulation tissue can lead to organizing fibrosis as collagen is
deposited and fibroblasts move in. In the late-resolving or fibrotic phase there is dense collagen
fibrosis and hyalinization of the alveolar walls.>® Many patients do not move into the fibrotic
stage but rather have a slow resolution of edema and inflammation. The stages occur in a con-
tinuum rather than in a strict chronologic fashion (Fig. 2). Biopsy specimens of ALI patients will
show multiple phases simultaneously. For patients who survive ARDS, many cases resolve with
minimal lung damage; however, patients may develop varying degrees of permanent damage
that mimic changes found in end-stage lung disease.
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Fig. 2. Panel A shows a lung-biopsy specimen early histologic changes of ALI, two days after the onset of ALI caused
by aspiration pneumonitis. Hyaline membranes have formed (arrow), with associated inflammation demonstrated by
intraalveolar red cells and neutrophils. These findings are consistent with the pathological diagnosis of diffuse alveo-
lar damage (hematoxylin and eosin, x90). Panels B and C show late phase changes seen on a lung-biopsy specimens
obtained 14 days after the onset of sepsis-associated acute lung injury. Panel B shows granulation tissue in the alveoli
with a chronic inflammatory-cell infiltrate (hematoxylin and eosin, x60). Trichrome staining in Panel C reveals colla-
gen deposition (dark blue areas) in the granulation tissue, a finding that is consistent with the development of fibrosis
(x60). Panel D shows a sample of lung tissue from a patient who had acute decompensation leading to death four days
after the onset of acute lung injury; it shows breakdown of both the capillary endothelium and the alveolar epithelium,
the central pathogenic feature that leads to pulmonary edema. There is an intravascular neutrophil (LC) in the capillary
(C).The endothelium (EN) shows inflammation and vacuolization which is a sign of impending cell death. Loss of alveo-
lar epithelial cells is seen with the formation of hyaline membranes on the epithelial side of the basement membrane
(BM*). Panel E shows a specimen of lung tissue obtained from a patient during the fibrosing phase. The arrow indi-
cates a typical type II alveolar epithelial cell with microvilli and lamellar bodies containing surfactant. The interstitium
is thickened, with deposition of collagen (C).

Pathogenesis

Understanding the pathogenesis of ALI is important as current and future treatments are
aimed at aborting this process and augmenting the repair mechanisms of the lung. ALI is a disor-
der of acute inflammation that causes disruption of the lung endothelial and epithelial barriers.
Understanding the pathogenesis of ALI centers around determining how the edema gets into
the lung airspace and the barriers to its removal. The alveolar-capillary membrane is comprised
of the microvascular endothelium, interstitium, and alveolar epithelium. Cellular characteristics
of ALI include loss of alveolar-capillary membrane integrity, excessive transepithelial neutrophil
migration, and release of proinflammatory, cytotoxic mediators (Fig. 3).22:37 The most important
aspect is this early loss of lung vascular integrity. This allows the influx of the protein-rich fluid
into the interstitial space and then the alveoli. The neutrophil is the common pathway for this
loss of vascular integrity independent of the insult.>3-*0 When an insult occurs, neutrophils ac-
cumulate in the pulmonary microvasculature and they become activated leading to the release
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Fig. 3. The normal alveolus (left-hand side) and the injured alveolus (right-hand side) in the acute phase of ALI and the
acute respiratory distress syndrome. There is loss of the integrity of the capillary endothelium and alveolar epithelium
leading to increased pulmonary edema. with Hyalinization is occurring with hyaline membranes forming on the denuded
basement membrane. Neutrophil migration is occurring with neutrophils marginating through injured endothelium and
the interstitium into the air space. We can see the alveoli filling with protein-rich edema characteristic of ALL In the air
space, an alveolar macrophage is secreting cytokines, interleukin (IL)-1, IL-6, IL-8, IL-10, and tumor necrosis factor (TNF)-
o, which stimulates inflammation and eventually fibrosis (IL-1). Activated neutrophils release markers of inflammation
such as leukotrienes, oxidants, platelet-activating factor (PAF) and proteases. This inflammatory process has lead to the
inactivation of a surfactant and death of type I and II alveolar epithelial cells.

of several toxic meditators, including proteases, reactive oxygen species, proinflammatory cy-
tokines, and procoagulant molecules. This results in increased vascular permeability. One such
neutrophil mediator, Elastase, appears to degrade epithelial junctional proteins, possess proapop-
totic properties, and perhaps have direct cytotoxic effects on the epithelium.*!~#> In some animal
models, neutrophil depletion can be protective against the development of ALL#6-4¢ While this
may cause enthusiasm as a possible therapy in humans, it is important to recognize the impor-
tant role that neutrophils play in innate immunity. Depletion of neutrophils may stop ALl from
developing but would expose the patient to unchecked bacterial infections. In addition to Elas-
tase other markers of pathologic vascular permeability have been identified. Several studies have
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documented increased release of von Willebrand factor**->! and upregulation of intracellular ad-
hesion molecule-1°2->* following endothelial injury. Both of these biomarkers are independent
predictors of mortality.

As important as understanding how injury to the lung microvascular endothelium results in
initiating ALI, this mechanism alone does not explain how the disease progresses. Animal mod-
els suggest that the host can experience severe endothelial injury without experiencing alveolar
epithelium damage. In these animal models, the edema that is the hallmark of ALI does not de-
velop; in fact, edema does not develop until a corresponding injury to the alveolar epithelium
occurs.”® Once again, evidence would suggest that neutrophils play an important role in the
development of epithelial injury. The number of neutrophils that migrate and degree of activa-
tion by inflammatory chemokines seem to correlate well with the injury to the epithelium and
the degree of subsequent severity of ALl Under normal conditions, the neutrophils cross into
the alveolar space and essentially “close the door behind them” by resealing epithelial intercel-
lular junctions. In pathologic conditions the increased number of neutrophils migrating across
the epithelial barrier results in injury. Normally, type I and type II alveolar epithelial cells form
tight junctions with each other, selectively regulating flow of fluid across the epithelial barrier.
Secondary to this mass migration of neutrophils the injured epithelium results in increased per-
meability during the acute phase of lung injury and allows the deposition of protein-rich edema
fluid into alveolar space. Injury to the epithelial cells also leads to disruption of normal means
of evacuating this edema via epithelial Na channels and Na+/K+ATPase pumps.22:°6 Alveolar
epithelial type II cell injury also leads to a loss of surfactant production,”” decreasing overall
pulmonary compliance. Finally, type II epithelial cells play a central role in the epithelial repair
process; loss of their function can lead to disorganized, fibrosing repair.”® All these factors result
in the histologic changes seen in DAD that is the hallmark of ALI and/or ARDS.

In addition to the cytokines described, there are alveolar epithelial biomarkers including sur-
factant D (SP-D) and the receptor for advanced glycation end-products (RAGE) that have been
shown to closely associate with outcomes in ALL Due to the fact that alveolar epithelial in-
jury is central to the development of ALl it stands to reason that plasma surfactant protein (a
byproduct of surfactant breakdown) levels would have prognostic value in ALL Animals studies
have shown that SP-D levels increase in ALI and/or ARDS and reflect epithelial permeability.”’->°
Using the ARDSNet low tidal volume data authors reported that increased baseline plasma SP-D
levels were independently associated with mortality and fewer ventilator- and organ-failure free
days. They also reported that lung protective strategies attenuated this rise signifying less alveo-
lar damage.®° RAGE, a transmembrane immunoglobulin primarily expressed on type I epithelial
cells, can help differentiate ALl edema from hydrostatic edema as it is elevated in the former and
normal in the later.5! Calfee and colleagues® utilized the same ARDSNet samples and showed
that increased RAGE levels were associated with increased morbidity and mortality and fewer
ventilator-free and organ-failure-free days. These findings were independent of demographic
variables and underlying pathology. Like the SP-D levels, it was shown that RAGE levels fell
more rapidly in the lung protective strategy group when compared to high tidal volume cohort.

Biomarkers involved in the inflammatory and coagulation cascades found on the epithelium
and endothelium predict morbidity and mortality in ALL After stress, proinflammatory cytokines
increase and can be used as a marker of the degree of physiologic insult and a marker of ongo-
ing cellular injury. The proinflammatory cytokines tumor necrosis factor «, interleukin (IL)-18,
IL-6, IL-8, and IL-18 are the most studied with the closest correlation with morbidity and mor-
tality. Meduri and colleagues®? looked at bronchoalveolar lavage specimens collected in 27 ARDS
patients. They found that initial and persistently elevated levels of IL-6, IL-8, and tumor necrosis
factor-o¢ were strongly predicative of mortality. These data also showed that plasma inflamma-
tory cytokines mirrored the concentrations found in the bronchoalveolar lavage specimens. In
yet another study using the ARDSNet low tidal volume ventilator data, Parsons and colleagues
showed that even after adjustments for ventilator strategy, severity of illness, and organ dys-
function, higher plasma levels of IL-6 and IL-8 were independently associated with fewer or-
gan failure- and ventilator-free days, and elevated IL-6 and IL-8 independently predicted higher
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mortality. Moving past predicting outcomes, these data also showed that the low tidal volume
ventilation is associated with a more rapid attenuation of the inflammatory response.5* Other
studies have demonstrated that lower tidal volume ventilation can attenuate the cytokine re-
sponses, suggesting that clinicians can decrease the inflammatory response with proper ven-
tilator settings or potentially exacerbate the inflammatory response with improper ventilator
settings.5*-%7 Markers that play a role in the often-altered coagulation and fibrinolysis in the
lung during injury, specifically protein C and plasminogen activator inhibitor-1, can be associ-
ated with outcomes. Ware and colleagues®® compared ALI blood samples against patients with
acute cardiogenic pulmonary edema and found that they could differentiate the source of the
interstitial edema based on the low levels of protein C and higher plasma levels of plasminogen
activator inhibitor-1 in the ALI samples. Furthermore, they discovered that low levels of protein
C and higher levels of plasminogen activator inhibitor-1 were strong independent predictors of
mortality, as well as ventilator-free and organ failure-free days.

The role of platelets in the pathogenesis of ALl and the inflammatory reaction in general
has been greatly underappreciated. There is evidence that platelets may play an important role
in neutrophil-mediated lung injury. Several recent studies point to a synergistic effect between
platelets and neutrophils in causing lung endothelial injury. Platelets directly interact with neu-
trophils and monocytes and are themselves a source of proinflammatory cytokines. In recent
experimental studies of ALI secondary to multiple etiologies,5° platelet depletion markedly re-
duced lung injury in mouse models.

Resolution of ALI/ARDS is primarily dependent on restoring the function of the alveolar gas
exchange mechanism. First the damaged pulmonary epithelium and endothelium must have
their integrity restored. After that you can clear the interstitial fluid that is responsible for the
V/Q mismatch in the lung. This is done by restoring the electrolyte balance and upregulating
the alveolar transport mechanism to help clear the interstitial space of protein-rich edema fluid.
Finally the alveoli must restore the normal secretion of surface active material from alveolar
type-II cells.?”.70

Treatment

The significant mortality decrease over the past 2 decades is secondary to improved venti-
lator strategies and a variety of critical care improvements. Improvement in ventilator manage-
ment has been the most influential effect on mortality, but rethinking fluid management and
a heightened sense of timely source control have been instrumental in both the treatment of
ALI as well as its prevention. The same success cannot be attributed to many of the pharmaco-
logic interventions that have been tried over the last 20 years, despite a deeper understanding
of the pathophysiology that has not led to improved outcomes by using medications targeting
at aborting that pathophysiology.

Ventilator strategies

The concept that positive pressure ventilation, especially high pressure, was injurious to the
lung is not a recent finding. In the 1970s researchers showed that high tidal volumes (12-15
mL/kg) and high peak airway pressures 35-40 mm Hg) exacerbated ALL’"-7> The most basic
goal of lung protective ventilation is to deliver the least amount of required oxygen (preferably
less than 60% Fi02)”® and avoid pressures greater than 35 cm H,0.” Due to altered alveolar
dynamics, the injured lung is prone to repetitive alveolar collapse and expansion while under-
going cycles of mechanical ventilation. Increased capillary permeability, surfactant deactivation
and alveolar edema all lead to increased surface tension which promotes abnormal alveolar col-
lapse during the expiratory phase. Once an alveolar unit is collapsed or fluid filled, the adjacent
patent alveolar units undergo elevated distension stresses due to loss of the normal pressure bal-
ancing interconnections between neighboring alveoli. Repetitive alveolar collapse and expansion
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and increased alveolar stress are the mechanisms driving ventilator-induced lung injury (VILI)
which can occur when the acutely injured lung is exposed to mechanical ventilation.”>

Open lung ventilation strategies strive to keep alveolar units open throughout the venti-
lator cycle, thus reducing the repetitive collapse which leads to VILL. Conventionally, positive
expiratory-end pressure (PEEP) is combined with low tidal volume ventilation (4-8 cc/kg) to
provide alveolar recruitment while avoiding overdistension. However, a hallmark of ARDS is the
heterogeneity of lung injury. Thus, the optimal amount of PEEP required to avoid alveolar col-
lapse remains unknown and likely varies throughout the lung.”® Furthermore, the pressures de-
livered with conventional open lung ventilation may not be enough to adequately recruit injured
lung or prevent cyclic collapse.””

Although many reports laid the ground work for lung protective strategies, the mortality ben-
efit was described in 2 prospective randomized trials. In 2000, the ARDSNet trial is often cred-
ited with establishing lower tidal volumes lung protective strategies, but it was actually 2 years
earlier in Brazil when Amato and colleagues’® published a randomized trial showing the ben-
efits of such a strategy. The lung protective strategy was built around lower tidal volumes (6
mL/kg), driving pressures <20 cm H,O of water above the PEEP and higher levels of PEEP to
maintain oxygenation. Those data did not establish a mortality benefit but did show a decrease
in the complication rate and more ventilator-free days. This work paved the way for one of the
most important critical care articles published. Not only have these data changed current venti-
lator management, the samples taken from this patient population have been used to carry out
a substantial number of the studies cited in this review. To date, there remains 1 prospective
randomized trial that has shown a clear mortality benefit to a ventilator management strategy.
The value of a lung protective strategy in patients with ALl was shown in a study by the Na-
tional Heart, Lung, and Blood Institute ARDS network’s multicenter, randomized controlled trial
of 861 patients with ALI and/or ARDS.”? In this study, patients were randomized to 6 mL/kg tidal
volume vs 12 mL/kg tidal volume with plateau pressure restrictions (<30 vs <50 cm H,0). There
was a significant mortality benefit seen in the low tidal volume group when compared to the
high tidal volume group (31% vs 40%, P = 0.007). Patients in the low tidal volume group also
had more ventilator-free and nonpulmonary organ failure-free days. This outcome benefit held
even when controlling for the different etiologies of ALI including sepsis, aspiration, pneumonia,
and trauma.?? This strategy even tempered the inflammatory response (IL-6 and IL-8) associated
with ALL5* One criticism of the study was that using 12 mL/kg tidal volumes was outdated as
a means of determining tidal volumes, even at the time of the study. One could argue that it
was low tidal volumes compared to volumes associated with overdistention, barotrauma, and
increased deadspace V/Q mismatch. There are even data that show that minor increases in tidal
volume can increase ICU mortality. Needham and collegueas showed that increasing tidal vol-
umes as little as 1 mL/kg per body weight, from 6 mL/kg to 7 mL/kg, can lead to a 23% increase
in mortality rate.8% Also of interest is that despite the conclusive nature of the evidence for lung
protective strategies that widespread adoption is not uniform. A 2016 report, 16 years after the
publication of the ARDS lung protective ventilation report, showed that only two-thirds of the
ARDS patients received ventilator management consistent with the published parameters.!

Within the context of lung protective ventilator strategies investigators have attempted to
further tailor ventilator settings to the noncompliant ALI lung. There have been a multitude
of studies looking at the effect of high PEEP vs low PEEP based algorithms. The 3 most cited
studies are randomized control trials®'-33 that use a variation of a table that predetermines an
escalating PEEP setting for escalating FiO, requirements. There is variation in the permissible
plateau pressures allowed but otherwise study designs are similar. None of these trials showed
a mortality benefit to higher PEEP levels and 2 of them were stopped early for futility. Higher
PEEP levels may improve oxygenation and reduce VILI but may also cause circulatory depression
and lung injury from overdistention. Amato and colleagues further examined the data and found
that driving pressure (AP) as a measure of the patients’ lung compliance was the best index
for survival and that ventilator settings aimed at decreasing AP were strongly associated with
increased survival.84
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An alternative ventilator strategy for ARDS is airway pressure release ventilation (APRV) as a
variation on the open lung concept. APRV generates a high continuous positive airway pressure
(CPAP) with brief, intermittent expiratory releases. Generally, APRV uses a higher pressure (CPAP
~ 30 cm H,0) compared to low tidal volume ventilation strategies. Alveolar strain is viscoelas-
tic in nature®> meaning there is both a fast and slow component of deformation in response to
pressure. Therefore, the prolonged, elevated CPAP provided by APRV may be more conducive to
maintaining alveolar recruitment. Additionally, the expiratory release phase may allow ventila-
tion without permitting derecruitment.

Use of early APRV in the setting of ARDS was recently studied in a randomized controlled
trial of 138 patients who received either APRV or low tidal volume ventilation.”® This study
showed that the APRV group had fewer ventilator days and shorter ICU stays. There was no
statistically significant difference in mortality. A meta-analysis of mechanically ventilated trauma
patients®® showed significantly lower mortality in the APRV groups and concluded that early
use of APRV may prevent progression to ARDS. Several studies have shown equivocal or worse
outcomes with APRV compared to conventional open lung ventilation, however none of these
studies looked at early implementation which may be a key factor.8”-89 (therefore, APRV may
be useful as an initial mode of ventilation rather than for rescue).

One proponent of APRV compares the acutely injured lung to a broken bone which must
be cast in the correct position (ie, recruited) in order to facilitate healing.”>°° This group has
adopted a dynamic version of APRV called time controlled adaptive ventilation (TCAV). Here,
the expiratory release parameter (T, ) is adjusted to terminate the expiratory phase at 75% of
peak expiratory flow, thus allowing ventilator settings to adapt to changing lung compliance.
The TCAV protocol has largely been used pre-emptively, prior to the onset of ARDS. However,
the authors state it is well-suited to recruit and stabilize the lungs of those with ARDS as well.
There is currently no randomized controlled trial comparing TCAV to low tidal volume strategies.
Its use is supported by expert opinion and translational animal data.

Although the data supporting APRV in the setting of ALI and/or ARDS are currently limited,
a compelling argument based on pathophysiology can certainly be made. Additionally, existing
data suggest that APRV may be preventative when applied prior to the onset of ARDS,®! which,
if true, would be advantageous compared to conventional open lung ventilation. More studies
are needed in order to effectively compare these 2 strategies.

High-frequency oscillatory ventilation (HFOV) has been used in the management of ALI
and/or ARDS, with a mixed effect on outcomes. The rationale behind HFOV is to deliver oxy-
gen at a constant mean airway pressure and use a diaphragm that oscillates at a high frequency
(180-600 breaths per minute). The tidal volumes used often are less than the deadspace of the
lung so that gas exchange occurs by gas mixing in the lung rather than typical exhalation and
inhalation. This prevents cyclic overdistention of the alveoli and then snapping shut which is as-
sociated with alveolar damage. The largest and longest trials looking at this strategy have been
in neonates.’” This review showed that there was no clear benefit to HFOV but that patient se-
lection, with too many less severe cases included, may have diminished the results. The effect
that HFOV has in the adult population is even less clear. Often times HFOV is used as a rescue
intervention which would naturally make it have an association with worse outcomes. There is
evidence that HFOV can improve oxygenation in this setting and potentially mortality.®>-7 Fur-
ther hindering the widespread adoption of HFOV were the results of the OSCILLATE trial which
was a randomized multi-institutional trail showed that HFOV may actually increase the mortal-
ity rate in patients with severe-moderate ARDS.%®

The ultimate means to control a patient’s gas exchange is to take the dysfunctional injured
lung out of the equation all together. Extracorporeal membrane oxygenation (ECMO) makes use
of an artificial membrane lung and modified cardiopulmonary bypass to do the work of the fail-
ing lung and possibly the heart. The use of ECMO is resource intensive and carried out in a
growing number of specialized centers around the country. Early referral to these centers has
been shown to be a must if ECMO is to have a significant impact on patient outcomes.”® There
have been historical randomized trials looking at the use of ECMO that in general have been
unable to show a clear association with decreased mortality of ECMO over conventional lung
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protective strategies.”®~ 191 The most recent randomized trial looked at the use of ECMO as a res-
cue therapy in severe ARDS. In an international study ECMO was unable to improve the 60-day
mortality rate (35% ECMO vs 46% conventional, P= 0.09) when compared to continued conven-
tional ventilation. While centers continue to use ECMO as a salvage therapy in certain refractory
patients research continues to strive to find definitive evidence of the value.

Prone positioning

Despite renewed enthusiasm for its application, prone positioning has been around since the
1970s.19% Prone positioning makes use of the graded areas of ventilation and perfusion in the
lung and the concept that flipping a patient now allows the areas of maximal perfusion to
also be the areas of maximal ventilation, thereby temporarily correcting a patients ventilation
and/or perfusion mismatch. There is little doubt that severe changes in the patient positioning
will lead to improved oxygenation.'?3:194 The issue with the data examining this positioning is
whether this improved oxygenation leads to improved mortality. In contrast to earlier studies,
the duration patients are left prone has been increased in recent studies with improved results.
In a prospective randomized trial of 466 ARDS patients were placed prone for at least 16 hours
within the first 48 hours of the onset of ARDS. The 28-day mortality rate was 16.0% in the prone
group and 32.8% in the supine group (P < 0.001). The conclusion of the study was that in pa-
tients with severe ARDS, early application of prolonged prone-positioning sessions significantly
decreased 28-day and 90-day mortality rates.!%> Similar results have been found in other stud-
ies106.107 gyggesting that in the most severe cases there is likely a survival benefit to extended
periods of prone positioning if initialed early and for prolonged periods.

Fluid management

One other development in the management of ALI has been a refinement in fluid manage-
ment. In earlier years of critical care there was a consensus that the patient had to “swell to get
well.” Liberal use of crystalloids likely contributed to the development of ALI and exacerbated
the severity of the disease. The pulmonary edema that is the hallmark of ALI is worse with
increased hydrostatic pressure and low oncotic pressure as seen in a crystalloid based resusci-
tation.'°® In 2006, the results of a prospective, randomized controlled trial comparing conserva-
tive vs liberal fluid management strategies were reported.’® Authors titrated intravascular volume
based off central venous pressures to keep patients on the liberal or conservative algorithm. The
study did not show a significant difference in mortality rate, but the fluid conservative strategy
improved oxygenation and severity of lung injury as well as reduced the duration of mechanical
ventilation. Despite less fluid being given there was no increase in the occurrence of renal failure
or shock. These data, as well as others,?19°-112 paint a picture that patients need an appropri-
ate early resuscitation but then often benefit from a more conservative resuscitation. Emerging
from this literature is a simplified concept of keeping the patient “wet” early and “dry” late. In
a parallel study, the authors looked at the effect of titrating intravascular fluid status using a
pulmonary artery catheter vs a central venous catheter and found no difference in survival or
organ function. The pulmonary artery catheter group did have nearly twice as many catheter
related complications.'”

Nutrition

Nutrition has been shown to be a powerful adjunct to the treatment of ALI. The importance
cannot be overstated. ALl is a proinflammatory condition and leads to hypercatabolism which
in turn can lead to malnutrition and loss of respiratory muscle strength. Providers must strive
to avoid both underfeeding and the weakness that would result as well as overfeeding which
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Table 1

Studies of pharmacologic interventions on acute lung injury.'s?
Treatment Year n Findings Author
Glucocorticoids (acute phase) 1987 99 No benefit Bernard and colleagues'?”
Glucocorticoids (acute phase) 1988 75 No benefit Luce and colleagues'”®
Surfactant 1996 725 No benefit Anzueto and colleagues !
N-acetylcysteine 1997 42 No benefit Domenighetti and colleagues'”!
Glucocorticoids (late phase) 1998 24 Decreased mortality Meduri and colleagues'*
Inhaled nitric oxide 1998 177 No benefit Dellinger and colleagues'”?
Liposomal PGE 1 (high dose) 1999 350 No benefit Abraham and colleagues*®
Ketoconazole 2000 234 No benefit NIH ARDS Network'?
Liposomal PGE 1 (low dose) 2001 102 Reduced EVLW, improved Vincent and colleagues'’?

survival trend

Lisofylline 2002 235 Stopped for futility NIH ARDS Network!26
Glucocorticoids (late phase) 2005 180 No benefit Steinberg and colleagues'*?
Salbutamol IV 2006 40 Improved survival trend Perkins and colleagues'’*
Procysteine 2008 215 Stopped for futility Morris and colleagues'’>
Activated protein C 2008 75 Stopped for futility Liu and colleagues'”®

is associated with increased carbon dioxide production. Enteral nutrition has been shown to be
superior to parenteral nutrition in a variety of populations but the effect that the timing and
composition of the enteral feeds has on outcome has not previously been elucidated. There has
been some evidence that ALI patients that received nutrition in the first 48 hours after intuba-
tion fared better than those without.!#-116 The ARDS Network showed that even if initial trophic
enteral feedings could be started that there was a benefit reached in terms of ventilator-free and
ICU-free days.'"” The mechanism of how enteral nutrition improves outcomes has been studied
by comparing intestinal samples of patients treated with varying nutritional protocols and found
that even low volume enteral feedings maintain the health of the intestinal mucosa and reduce
inflammation by stimulating secretion of various immunologically active agents,!13-120

There is also evidence that the type of nutrition can have an impact on outcomes in ALL
The use of feeds containing omega-3 fatty acids have been associated with decreased 28-day
mortality, increased ventilator-free days and ICU-free days, and a reduction in the development
of new organ failure.'?!-123 Although there exist data to the contrary from an early terminated
ARDSNet trail looking at omega-3 supplementation, those studies found no improvement in the
same outcomes with supplementation and potentially harm.!*

Pharmacologic interventions

As the understanding of the pathophysiology of ALI has improved we have identified nu-
merous candidates for pharmacologic intervention. Although animal models and smaller hu-
man studies have shown promise there have not been any large clinical trials that have shown
enough promise to recommend the use of a variety of pharmacologic interventions for the treat-
ment of ALI (Table 1). Some of the early ARDSNet trials are indicative of much of the pharmaco-
logic research aimed at ALL Drugs aimed at specific components of the progression of ALI such
as ketoconazole'?> and lisofylline'26 were unsuccessful in improving outcomes.

Systemic steroids have long been hypothesized to be a potential treatment for ALI given ALI's
association with proinflammatory cytokines, however a consensus has never been reached. In
the past, it has been demonstrated that high-dose steroids have no effect on ARDS when they
are administered at the initial onset of disease.'?” More recently, it was demonstrated that when
steroids are given during the subacute proliferative or late fibrotic stages of ARDS (7-14 days af-
ter initial presentation), there is improved survival.'?® It has also been discovered that patients
who are given prolonged methylprednisolone compared to those who are given placebo are able
to achieve unassisted breathing sooner, their in-hospital mortality is decreased, and they experi-
ence increased mechanical ventilation-free and ICU-free days.'?® The improved outcomes associ-



N.T. Mowery, W.TH. Terzian and A.C. Nelson/Current Problems in Surgery 57 (2020) 100777 13

ated with steroid therapy in the late phases of ARDS are theorized to be related to the ability of
steroids to counter the alveolar wall collagen fibrosis and hyalinization that occurs during these
phases.’*?

One factor that has made standardizing steroid recommendations in ALI challenging is that
not all studies investigating steroids and ALI have consistently used or documented low tidal
volume modes of ventilation. In fact, one study that did use low tidal volume ventilation was
unable to demonstrate a significant mortality benefit with glucocorticoid administration despite
demonstrating improved pulmonary physiology.’*! Another study demonstrated that starting
methylprednisolone more than 2 weeks after the initial onset of disease may actually increase
mortality.'*? For these reasons, the routine use of systemic glucocorticoids in patients with ALI
is not universally considered standard of care.

It is important to note that steroid treatment in the setting of ALI is not associated with
an increased risk of infection'?® because there are some situations in which steroid use may
be advised. For example, if the cause of ALl is due to an underlying pathological process that is
treatable by steroids, steroids should not be withheld. If a patient’s condition is untreatable with
conventional ARDS therapy (such as ongoing hypoxemia despite low tidal volume ventilation),
then such a patient may need an adjunct therapy such as steroids. In this setting, the benefits
of most adjuncts would likely be outweighed by their risks.'>3

In 2017, the Society of Critical Care Medicine and the European Society of Intensive Care
Medicine released joint guidelines which included favoring the use of glucocorticoids in cases
of early moderate to severe ARDS (defined as P,0,/F,0, ratio <200 within 14 days of the initial
onset of disease).’>* If glucocorticoids are to be administered, meta-analyses have demonstrated
that in most cases the benefit is more likely to be achieved when steroid administration is pro-
longed (25-32 days) and initiated early (within 14 days of onset).!*> Studies are ongoing to as-
sess whether there is a role for inhaled steroids in ALI, and to elucidate the ideal steroid dosing
and timing of its administration.

In experimental and clinical studies there are data supporting earlier resolution of pulmonary
edema with B-2 agonist therapy and this may be a potential treatment of ALL'3¢-! The re-
ported mechanism of this expedited resolution of the pulmonary edema is decreasing inflamma-
tion and upregulating alveolar salt and water transport, which is one of the main mechanisms of
clearing alveolar edema. There have been 2 prospective randomized trials looking at the use of
B-2 agonists. A North American multicenter randomized was attempted but was stopped early
after showing no benefit to -2 agonist therapy when predefined futility markers were reached.
The authors had some concerns about the fluid management in the groups and the inability
to deliver the drug to the alveoli but made no recommendations about the use of the drug in
ALL'™2 Another randomized clinical from the United Kingdom using intravenous salbutamol, a
B-2 agonist, showed the treatment increased the 30-day mortality rate and caused the investi-
gators to stop the trial early due to safety concerns. The results of these 2 studies showing no
effect and potentially a harmful effect made further trials utilizing 8-2 agonist unlikely.'*3

Due to the fact that research has shown a survival benefit in septic patients who were taking
statins before the development of sepsis there has been some interest in the role of statins in
AL Statins possess significant anti-inflammatory, immunomodulatory, and antioxidant effects
which, it modulated, could abort the pathophysiology of the development of ALI. Data from
small studies showed an inconsistent effect of morbidity and mortality when using statins af-
ter ALl had developed.'#*14> A meta-analysis'*® of 5 randomized controlled studies'44147-150
including 650 patients was performed with no difference in mortality rate between patients re-
ceiving statins vs control (44/322 [14%] in the statins group vs 50/328 [15%] in the control arm,
RR =0.90 [95% confidence interval 0.65-1.26], P = 0.6). No differences in hospital stay (P =0.7)
were found.

Given the important role that surfactant and its loss at the alveolar epithelium plays in the
development of ALI, there has been enthusiasm for the administration of exogenous surfactant.
Research has led to the availability of both animal derived and synthetic preparations of exoge-
nous surfactant. There are numerous small trials that have shown improved oxygenation with
the administration of these drugs, but none have been powered to show a mortality benefit.
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Randomized trials on the topic have also shown disappointing results with no long-term effect
on survival,1.152

There is an association between increased pulmonary vascular resistance and increased mor-
tality in ALI and/or ARDS.!>3 Acute hypoxic vasoconstriction is the lung’s attempt to shunt un-
oxygenated blood away from under ventilated alveoli. Vasoconstriction leads to a shunt and the
greater the dysfunction, the greater the shunt and therefore ventilation/perfusion mismatch.'>*
Inhaled vasodilators can reverse the vasoconstriction and reverse the ventilation and/or perfu-
sion mismatch. The 2 most commonly used agents are inhaled nitric oxide (iNO) and inhaled
prostacyclin. The inhaled route is preferred due to avoidance of systemic vasodilation and low-
ering of the mean airway pressure. The more studied is inhaled nitric oxide (iNO). There have
been several randomized trials on the use of iNo that were summarized into a Cochrane anal-
ysis.’>> The meta-analysis summarizes what each of the individual trials showed which is that
iNO improved oxygenation in the short term, but over an extended period of time did not af-
fect mortality or length of mechanical ventilation. Inhaled prostacyclin was thought to be an
ideal agent due to the fact it had not only vasodilatory effects but also its potent antiplatelet
effect which prevents micro-thrombi. Like iNO, there are data that temporary improvements in
oxygenation occur but long-term outcomes are unaffected.!”®

One exception to the ineffective pharmacologic interventions in ALI is the use of neuromus-
cular blockade. In a multicenter, double-blind trial, 340 patients presenting to the ICU with a
PJF ratio of <150 within the previous 48 hours were randomly assigned to receive, for 48 hours,
either cisatracurium besylate (178 patients) or placebo (162 patients). The hazard ratio for death
at 90 days in the cisatracurium group, as compared with the placebo group, was 0.68 (95% con-
fidence interval, 0.48-0.98; P=0.04), after adjustment for both the baseline P/F ratio, plateau
pressure and the Simplified Acute Physiology II score. In patients with severe ARDS, adminis-
tration of a neuromuscular blocking agent in the first 48 after the onset of ARDS improved the
adjusted 90-day survival rate and increased the time off the ventilator without increasing mus-
cle weakness.!>’

As we look toward the future of pharmacologic intervention there has been promise in the
use of bone marrow-derived mesenchymal stem cells (MSCs) in the treatment of ALL The utility
of these cells lies in the ability to graft themselves to the injured lung and differentiate to repair
the main cells injured in the development of ALI, vascular endothelium and alveolar epithelium.
In addition to acting as a patch to seal the barriers to the interstitium, the MSC decrease the
proinflammatory cytokines and increase the anti-inflammatory cytokines, in particular IL-10.'>8
MSCs also secrete locally active proteins (paracrine factors) that reduce the severity of ALI,>9-161
including growth factors, factors that regulate barrier permeability, and anti-inflammatory cy-
tokines. These effects are independent of the cells’ ability to graft themselves to the host lung,
suggesting that these paracrine factors may play an important role. Gupta and colleagues in an
ex vivo perfused lung preparation also showed that MSCs given 1 hour after endotoxin was ef-
fective in normalizing lung vascular and epithelial permeability to protein as well as reducing
pulmonary edema and increasing the rate of alveolar fluid clearance.'5? Ongoing research fo-
cuses on translating these experimental studies to human clinical trials of patients with severe
ALL

Even more specific agents aimed at the development of pulmonary edema and inflammation
have been studied. The nanopeptide AP301 which activates the pulmonary epithelium and en-
dothelium sodium channels to help clear the alveolar fluid has been shown to be successful in
animal models.’5? Human trials of inhaled AP301 showed equipoise, but subset analysis of se-
vere cases leaves room for optimism.!®* Interferon 8-1a plays a role in preventing endothelial
leakage and preventing insterstitial edema and has been shown in an open label study of 37 pa-
tients to decrease the 28-day mortality rate by 81%.'5> MicroRNA are a recently discovered class
of noncoding RNA that help to control gene expression. In an in vivo lung injury model it was
shown that increased expression of these microRNA (specifically miR-127) leads to decreased
pulmonary endothelial permeability, inflammatory migaration, and cytokine expression.!'®6
Also, via the stimulation of granulocyte-macrophage colony-stimulating factor, it is proposed
that these microRNA can play a role in preventing and stimulating the resolution of ARDS.'¢”
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Conclusion

Although the incidence of ALI remains high, insight into its pathophysiology and early recog-

nition has led to a decrease in mortality over the past 2 decades. Treatment has been focused
on limiting its progression with ventilator strategies and pharmaceutical interventions that de-
crease the inflammation seen at the lung endothelial and epithelial barriers. Increased use of
these treatment modalities in a protocolized fashion continues to lead to lower mortality and,
even more importantly, stop ALI from developing.

References

N

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
. Ware LB, Matthay MA. The acute respiratory distress syndrome. N Engl ] Med. 2000;342:1334-1349.
23.
24.
25.

26.
27.

28.

29.

. Bellani G, Laffey JG, Pham T, et al. Epidemiology, patterns of care, and mortality for patients with acute respiratory

distress syndrome in intensive care units in 50 countries. JAMA. 2016;315:788-800.

. Ashbaugh DG, Bigelow DB, Petty TL, Levine BE. Acute respiratory distress in adults. Lancet. 1967;2:319-323.
. Petty TL, Ashbaugh DG. The adult respiratory distress syndrome. Clinical features, factors influencing prognosis and

principles of management. Chest. 1971;60:233-239.

. Bernard GR, Artigas A, Brigham KL, et al. Report of the American-European Consensus conference on acute res-

piratory distress syndrome: definitions, mechanisms, relevant outcomes, and clinical trial coordination. Consensus
Committee. | Crit Care. 1994;9:72-81.

. Rubenfeld GD, Caldwell E, Granton ], Hudson LD, Matthay MA. Interobserver variability in applying a radiographic

definition for ARDS. Chest. 1999;116:1347-1353.

. Meade MO, Cook R], Guyatt GH, et al. Interobserver variation in interpreting chest radiographs for the diagnosis of

acute respiratory distress syndrome. Am J Respir Crit Care Med. 2000;161:85-90.

. Ferguson ND, Meade MO, Hallett DC, Stewart TE. High values of the pulmonary artery wedge pressure in patients

with acute lung injury and acute respiratory distress syndrome. Intensive Care Med. 2002;28:1073-1077.

. Esteban A, Fernandez-Segoviano P, Frutos-Vivar F, et al. Comparison of clinical criteria for the acute respiratory

distress syndrome with autopsy findings. Ann Intern Med. 2004;141:440-445.

. Wiedemann HP, et al.Blood Institute Acute Respiratory Distress Syndrome Clinical Trials Network Comparison of

two fluid-management strategies in acute lung injury. N Engl J] Med. 2006;354:2564-2575.

Force ADT, Ranieri VM, Rubenfeld GD, et al. Acute respiratory distress syndrome: the Berlin Definition. JAMA.
2012;307:2526-2533.

Murray JF, Matthay MA, Luce JM, Flick MR. An expanded definition of the adult respiratory distress syndrome. Am
Rev Respir Dis. 1988;138:720-723.

Ferguson ND, Davis AM, Slutsky AS, Stewart TE. Development of a clinical definition for acute respiratory distress
syndrome using the Delphi technique. J Crit Care. 2005;20:147-154.

Mathur M, Bullock D. Oxygenation index as a predictor of outcome in children with acute hypoxemic respiratory
failure. Am J Respir Crit Care Med. 2006;173:683 author reply 683.

Goss CH, Brower RG, Hudson LD, Rubenfeld GD, Network A. Incidence of acute lung injury in the United States. Crit
Care Med. 2003;31:1607-1611.

Rubenfeld GD, Caldwell E, Peabody E, et al. Incidence and outcomes of acute lung injury. N Engl | Med.
2005;353:1685-1693.

Li G, Malinchoc M, Cartin-Ceba R, et al. Eight-year trend of acute respiratory distress syndrome: a population-based
study in Olmsted County, Minnesota. Am J Respir Crit Care Med. 2011;183:59-66.

Johnston CJ, Rubenfeld GD, Hudson LD. Effect of age on the development of ARDS in trauma patients. Chest.
2003;124:653-659.

Hudson LD, Milberg JA, Anardi D, Maunder RJ. Clinical risks for development of the acute respiratory distress syn-
drome. Am ] Respir Crit Care Med. 1995;151(2 Pt 1):293-301.

Nguyen YL, Angus DC, Boumendil A, Guidet B. The challenge of admitting the very elderly to intensive care. Ann
Intensive Care. 2011;1:29.

Garber BG, Hebert PC, Yelle ]D, Hodder RV, McGowan ]. Adult respiratory distress syndrome: a systemic overview
of incidence and risk factors. Crit Care Med. 1996;24:687-695.

Hudson LD, Steinberg KP. Epidemiology of acute lung injury and ARDS. Chest. 1999;116(1 Suppl):74S-82S.

Sheu CC, Gong MN, Zhai R, et al. The influence of infection sites on development and mortality of ARDS. Intensive
Care Med. 2010;36:963-970.

Fowler AA, Hamman RF, Good ]T, et al. Adult respiratory distress syndrome: risk with common predispositions. Ann
Intern Med. 1983;98(5 Pt 1):593-597.

Milberg JA, Davis DR, Steinberg KP, Hudson LD. Improved survival of patients with acute respiratory distress syn-
drome (ARDS): 1983-1993. JAMA. 1995;273:306-309.

Villar J, Slutsky AS. The incidence of the adult respiratory distress syndrome. Am Rev Respir Dis. 1989;140:814-816.
Erickson SE, Martin GS, Davis JL, Matthay MA, Eisner MD, Network NNA. Recent trends in acute lung injury mor-
tality: 1996-2005. Crit Care Med. 2009;37:1574-1579.

Seeley E, McAuley DF, Eisner M, Miletin M, Matthay MA, Kallet RH. Predictors of mortality in acute lung injury
during the era of lung protective ventilation. Thorax. 2008;63:994-998.

Zambon M, Vincent JL. Mortality rates for patients with acute lung injury/ARDS have decreased over time. Chest.
2008;133:1120-1127.


http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0001
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0001
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0001
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0001
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0001
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0002
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0002
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0002
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0002
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0002
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0003
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0003
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0003
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0004
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0004
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0004
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0004
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0004
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0005
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0005
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0005
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0005
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0005
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0005
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0006
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0006
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0006
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0006
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0006
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0007
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0007
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0007
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0007
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0007
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0008
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0008
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0008
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0008
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0008
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0009
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0009
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0009
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0010
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0010
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0010
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0010
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0010
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0011
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0011
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0011
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0011
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0011
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0012
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0012
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0012
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0012
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0012
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0013
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0013
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0013
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0014
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0014
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0014
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0014
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0014
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0014
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0015
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0015
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0015
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0015
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0015
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0016
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0016
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0016
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0016
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0016
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0017
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0017
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0017
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0017
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0018
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0018
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0018
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0018
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0018
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0019
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0019
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0019
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0019
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0019
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0020
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0020
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0020
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0020
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0020
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0020
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0021
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0021
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0021
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0022
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0022
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0022
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0023
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0023
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0023
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0023
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0023
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0024
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0024
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0024
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0024
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0024
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0025
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0025
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0025
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0025
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0025
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0026
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0026
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0026
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0027
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0027
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0027
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0027
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0027
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0027
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0027
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0028
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0028
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0028
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0028
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0028
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0028
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0028
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0029
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0029
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0029

16

30.

31
32.
33.
34.
35.

36.

37.
38.
39.
40.
41.
42.
43,
44,

45.
. Abraham E, Carmody A, Shenkar R, Arcaroli ]J. Neutrophils as early immunologic effectors in hemorrhage- or endo-

47.
48.

49.

50.
51
52.

53.

54.
55.
56.
57.

58.
59.

60.
61.
62.

63.

N.T. Mowery, W.TH. Terzian and A.C. Nelson/Current Problems in Surgery 57 (2020) 100777

Eisner MD, Thompson T, Hudson LD, et al. Efficacy of low tidal volume ventilation in patients with different
clinical risk factors for acute lung injury and the acute respiratory distress syndrome. Am ] Respir Crit Care Med.
2001;164:231-236.

Flori HR, Glidden DV, Rutherford GW, Matthay MA. Pediatric acute lung injury: prospective evaluation of risk factors
associated with mortality. Am J Respir Crit Care Med. 2005;171:995-1001.

Laffey ]G, Bellani G, Pham T, et al. Potentially modifiable factors contributing to outcome from acute respiratory
distress syndrome: the LUNG SAFE study. Intensive Care Med. 2016;42:1865-1876.

Erickson SE, Shlipak MG, Martin GS, et al. Racial and ethnic disparities in mortality from acute lung injury. Crit Care
Med. 2009;37:1-6.

Liu KD, Glidden DV, Eisner MD, et al. Predictive and pathogenetic value of plasma biomarkers for acute kidney
injury in patients with acute lung injury. Crit Care Med. 2007;35:2755-2761.

Bachofen M, Weibel ER. Alterations of the gas exchange apparatus in adult respiratory insufficiency associated with
septicemia. Am Rev Respir Dis. 1977;116:589-615.

Katzenstein ALA. Acute Lung Injury Patterns: Diffuse Alveolar Damage and Bronchiolitis Obliterans Organizing Pneu-
monia. In: Katzenstein and Askin’s Surgical Pathology of Non-Neoplastic Lung Disease. 4th ed. Philadelphia, PA: Saun-
ders Elsevier; 2006:17-50.

Matthay MA, Zimmerman GA. Acute lung injury and the acute respiratory distress syndrome: four decades of in-
quiry into pathogenesis and rational management. Am ] Respir Cell Mol Biol. 2005;33:319-327.

Folkesson HG, Matthay MA, Hebert CA, Broaddus VC. Acid aspiration-induced lung injury in rabbits is mediated by
interleukin-8-dependent mechanisms. J Clin Invest. 1995;96:107-116.

Looney MR, Su X, Van Ziffle JA, Lowell CA, Matthay MA. Neutrophils and their Fc gamma receptors are essential in
a mouse model of transfusion-related acute lung injury. J Clin Invest. 2006;116:1615-1623.

Weiser MR, Pechet TT, Williams JP, et al. Experimental murine acid aspiration injury is mediated by neutrophils
and the alternative complement pathway. | Appl Physiol (1985). 1997;83:1090-1095.

Ginzberg HH, Cherapanov V, Dong Q, et al. Neutrophil-mediated epithelial injury during transmigration: role of
elastase. Am J Physiol Gastrointest Liver Physiol. 2001;281:G705-G717.

Ginzberg HH, Shannon PT, Suzuki T, et al. Leukocyte elastase induces epithelial apoptosis: role of mitochondial
permeability changes and Akt. Am ] Physiol Gastrointest Liver Physiol. 2004;287:G286-G298.

Martin TR, Hagimoto N, Nakamura M, Matute-Bello G. Apoptosis and epithelial injury in the lungs. Proc Am Thorac
Soc. 2005;2:214-220.

Matute-Bello G, Frevert CW, Liles WC, et al. Fas/Fas ligand system mediates epithelial injury, but not pulmonary
host defenses, in response to inhaled bacteria. Infect Immun. 2001;69:5768-5776.

Matute-Bello G, Martin TR. Science review: apoptosis in acute lung injury. Crit Care. 2003;7:355-358.

toxemia-induced acute lung injury. Am J Physiol Lung Cell Mol Physiol. 2000;279:L1137-L1145.

Shasby DM, Fox RB, Harada RN, Repine JE. Reduction of the edema of acute hyperoxic lung injury by granulocyte
depletion. | Appl Physiol Respir Environ Exerc Physiol. 1982;52:1237-1244.

Zemans RL, Colgan SP, Downey GP. Transepithelial migration of neutrophils: mechanisms and implications for acute
lung injury. Am J Respir Cell Mol Biol. 2009;40:519-535.

Flori HR, Ware LB, Milet M, Matthay MA. Early elevation of plasma von Willebrand factor antigen in pediatric acute
lung injury is associated with an increased risk of death and prolonged mechanical ventilation. Pediatr Crit Care
Med. 2007;8:96-101.

Ware LB, Conner ER, Matthay MA. von Willebrand factor antigen is an independent marker of poor outcome in
patients with early acute lung injury. Crit Care Med. 2001;29:2325-2331.

Ware LB, Eisner MD, Thompson BT, Parsons PE, Matthay MA. Significance of von Willebrand factor in septic and
nonseptic patients with acute lung injury. Am J Respir Crit Care Med. 2004;170:766-772.

Calfee CS, Eisner MD, Parsons PE, et al. Soluble intercellular adhesion molecule-1 and clinical outcomes in patients
with acute lung injury. Intensive Care Med. 2009;35:248-257.

Flori HR, Ware LB, Glidden D, Matthay MA. Early elevation of plasma soluble intercellular adhesion molecule-1
in pediatric acute lung injury identifies patients at increased risk of death and prolonged mechanical ventilation.
Pediatr Crit Care Med. 2003;4:315-321.

McClintock D, Zhuo H, Wickersham N, Matthay MA, Ware LB. Biomarkers of inflammation, coagulation and fibri-
nolysis predict mortality in acute lung injury. Crit Care. 2008;12:R41. doi:10.1186/cc6846.

Wiener-Kronish JP, Albertine KH, Matthay MA. Differential responses of the endothelial and epithelial barriers of
the lung in sheep to Escherichia coli endotoxin. J Clin Invest. 1991;88:864-875.

Pugin ], Verghese G, Widmer MC, Matthay MA. The alveolar space is the site of intense inflammatory and profibrotic
reactions in the early phase of acute respiratory distress syndrome. Crit Care Med. 1999;27:304-312.

Greene KE, Wright JR, Steinberg KP, et al. Serial changes in surfactant-associated proteins in lung and serum before
and after onset of ARDS. Am ] Respir Crit Care Med. 1999;160:1843-1850.

Bitterman PB. Pathogenesis of fibrosis in acute lung injury. Am J Med. 1992;92(6A).

Doyle IR, Bersten AD, Nicholas TE. Surfactant proteins-A and -B are elevated in plasma of patients with acute res-
piratory failure. Am J Respir Crit Care Med. 1997;156(4 Pt 1):1217-1229.

Eisner MD, Parsons P, Matthay MA, Ware L, Greene K. Plasma surfactant protein levels and clinical outcomes in
patients with acute lung injury. Thorax. 2003;58:983-988.

Uchida T, Shirasawa M, Ware LB, et al. Receptor for advanced glycation end-products is a marker of type I cell
injury in acute lung injury. Am J Respir Crit Care Med. 2006;173:1008-1015.

Calfee CS, Ware LB, Eisner MD, et al. Plasma receptor for advanced glycation end products and clinical outcomes in
acute lung injury. Thorax. 2008;63:1083-1089.

Meduri GU, Kohler G, Headley S, Tolley E, Stentz F, Postlethwaite A. Inflammatory cytokines in the BAL of patients
with ARDS. Persistent elevation over time predicts poor outcome. Chest. 1995;108:1303-1314.


http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0030
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0030
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0030
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0030
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0030
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0031
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0031
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0031
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0031
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0031
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0032
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0032
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0032
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0032
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0032
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0033
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0033
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0033
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0033
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0033
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0034
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0034
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0034
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0034
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0034
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0035
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0035
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0035
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0036
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0036
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0037
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0037
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0037
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0038
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0038
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0038
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0038
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0038
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0039
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0039
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0039
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0039
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0039
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0039
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0040
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0040
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0040
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0040
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0040
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0041
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0041
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0041
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0041
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0041
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0042
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0042
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0042
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0042
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0042
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0043
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0043
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0043
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0043
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0043
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0044
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0044
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0044
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0044
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0044
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0045
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0045
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0045
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0046
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0046
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0046
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0046
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0046
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0047
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0047
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0047
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0047
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0047
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0048
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0048
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0048
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0048
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0049
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0049
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0049
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0049
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0049
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0050
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0050
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0050
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0050
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0051
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0051
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0051
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0051
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0051
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0051
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0052
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0052
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0052
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0052
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0052
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0053
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0053
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0053
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0053
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0053
https://doi.org/10.1186/cc6846
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0055
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0055
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0055
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0055
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0056
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0056
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0056
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0056
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0056
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0057
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0057
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0057
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0057
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0057
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0058
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0058
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0059
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0059
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0059
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0059
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0060
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0060
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0060
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0060
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0060
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0060
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0061
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0061
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0061
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0061
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0061
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0062
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0062
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0062
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0062
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0062
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0063
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0063
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0063
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0063
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0063
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0063
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0063

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

93.

94.

95.

N.T. Mowery, W.TH. Terzian and A.C. Nelson/Current Problems in Surgery 57 (2020) 100777 17

Parsons PE, Eisner MD, Thompson BT, et al. Lower tidal volume ventilation and plasma cytokine markers of inflam-
mation in patients with acute lung injury. Crit Care Med. 2005;33:1-6 discussion 230-232.

Levitt JE, Gould MK, Ware LB, Matthay MA. The pathogenetic and prognostic value of biologic markers in acute
lung injury. J Intensive Care Med. 2009;24:151-167.

Ranieri VM, Suter PM, Tortorella C, et al. Effect of mechanical ventilation on inflammatory mediators in patients
with acute respiratory distress syndrome: a randomized controlled trial. JAMA. 1999;282:54-61.

Stuber F, Wrigge H, Schroeder S, et al. Kinetic and reversibility of mechanical ventilation-associated pulmonary and
systemic inflammatory response in patients with acute lung injury. Intensive Care Med. 2002;28:834-841.

Ware LB, Matthay MA, Parsons PE, et al. Pathogenetic and prognostic significance of altered coagulation and fibri-
nolysis in acute lung injury/acute respiratory distress syndrome. Crit Care Med. 2007;35:1821-1828.

Looney MR, Nguyen JX, Hu Y, Van Ziffle JA, Lowell CA, Matthay MA. Platelet depletion and aspirin treatment protect
mice in a two-event model of transfusion-related acute lung injury. J Clin Invest. 2009;119:3450-3461.

Matthay MA, Folkesson HG, Clerici C. Lung epithelial fluid transport and the resolution of pulmonary edema. Physiol
Rev. 2002;82:569-600.

Parker JC, Townsley MI, Rippe B, Taylor AE, Thigpen ]. Increased microvascular permeability in dog lungs due to
high peak airway pressures. | Appl Physiol Respir Environ Exerc Physiol. 1984;57:1809-1816.

Webb HH, Tierney DF. Experimental pulmonary edema due to intermittent positive pressure ventilation with high
inflation pressures. Protection by positive end-expiratory pressure. Am Rev Respir Dis. 1974;110:556-565.

Carvalho CR, de Paula Pinto Schettino G, Maranhao B, Bethlem EP. Hyperoxia and lung disease. Curr Opin Pulm Med.
1998;4:300-304.

Boussarsar M, Thierry G, Jaber S, Roudot-Thoraval F, Lemaire F, Brochard L. Relationship between ventilatory set-
tings and barotrauma in the acute respiratory distress syndrome. Intensive Care Med. 2002;28:406-413.

Nieman GF, Andrews P, Satalin ], et al. Acute lung injury: How to stabilize a broken lung. Crit Care. 2018;22:136.
Zhou Y, Jin X, Lv Y, et al. Early application of airway pressure release ventilation may reduce the duration of
mechanical ventilation in acute respiratory distress syndrome. Intensive Care Med. 2017;43:1648-1659.

Cressoni M, Chiumello D, Algieri |, et al. Opening pressures and atelectrauma in acute respiratory distress syndrome.
Intensive Care Med. 2017;43:603-611.

Amato MB, Barbas CS, Medeiros DM, et al. Effect of a protective-ventilation strategy on mortality in the acute
respiratory distress syndrome. N Engl | Med. 1998;338:347-354.

Brower RG, Matthay MA, et al. Acute Respiratory Distress Syndrome Network Ventilation with lower tidal volumes
as compared with traditional tidal volumes for acute lung injury and the acute respiratory distress syndrome. N
Engl | Med. 2000;342:1301-1308.

Needham DM, Yang T, Dinglas VD, et al. Timing of low tidal volume ventilation and intensive care unit mortality
in acute respiratory distress syndrome. A prospective cohort study. Am J Respir Crit Care Med. 2015;191:177-185.
Brower RG, Lanken PN, MacIntyre N, et al. Higher versus lower positive end-expiratory pressures in patients with
the acute respiratory distress syndrome. N Engl | Med. 2004;351:327-336.

Meade MO, Cook DJ, Guyatt GH, et al. Ventilation strategy using low tidal volumes, recruitment maneuvers, and
high positive end-expiratory pressure for acute lung injury and acute respiratory distress syndrome: a randomized
controlled trial. JAMA. 2008;299:637-645.

Mercat A, Richard JC, Vielle B, et al. Positive end-expiratory pressure setting in adults with acute lung injury and
acute respiratory distress syndrome: a randomized controlled trial. JAMA. 2008;299:646-655.

Amato MB, Meade MO, Slutsky AS, et al. Driving pressure and survival in the acute respiratory distress syndrome.
N Engl ] Med. 2015;372:747-755.

Suki B, Barabasi AL, Lutchen KR. Lung tissue viscoelasticity: a mathematical framework and its molecular basis. |
Appl Physiol (1985). 1994;76:2749-2759.

Andrews PL, Shiber JR, Jaruga-Killeen E, et al. Early application of airway pressure release ventilation may reduce
mortality in high-risk trauma patients: a systematic review of observational trauma ARDS literature. | Trauma Acute
Care Surg. 2013;75:635-641.

Maung AA, Schuster KM, Kaplan L], et al. Compared to conventional ventilation, airway pressure release ventilation
may increase ventilator days in trauma patients. J Trauma Acute Care Surg. 2012;73:507-510.

Maxwell RA, Green JM, Waldrop ], et al. A randomized prospective trial of airway pressure release ventilation and
low tidal volume ventilation in adult trauma patients with acute respiratory failure. J Trauma. 2010;69:501-510
discussion 511.

Varpula T, Valta P, Niemi R, Takkunen O, Hynynen M, Pettila VV. Airway pressure release ventilation as a primary
ventilatory mode in acute respiratory distress syndrome. Acta Anaesthesiol Scand. 2004;48:722-731.
Kollisch-Singule M, Andrews P, Satalin ], Gatto LA, Nieman GF, Habashi NM. The time-controlled adaptive ventilation
protocol: mechanistic approach to reducing ventilator-induced lung injury. Eur Respir Rev [Internet]. 2019;28:180126.
Available from: http://err.ersjournals.com/lookup/doi/10.1183/16000617.0126-2018.

Roy S, Habashi N, Sadowitz B, et al. Early airway pressure release ventilation prevents ARDS-a novel preventive
approach to lung injury. Shock. 2013;39:28-38.

Cools F, Henderson-Smart DJ, Offringa M, Askie LM. Elective high frequency oscillatory ventilation versus con-
ventional ventilation for acute pulmonary dysfunction in preterm infants. Cochrane Database Syst Rev. 2009.
doi:10.1002/14651858.CD000104.pub3.

Fort P, Farmer C, Westerman ], et al. High-frequency oscillatory ventilation for adult respiratory distress syn-
drome-a pilot study. Crit Care Med. 1997;25:937-947.

Mehta S, Granton ], MacDonald R], et al. High-frequency oscillatory ventilation in adults: the Toronto experience.
Chest. 2004;126:518-527.

Mehta S, Lapinsky SE, Hallett DC, et al. Prospective trial of high-frequency oscillation in adults with acute respira-
tory distress syndrome. Crit Care Med. 2001;29:1360-1369.


http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0064
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0064
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0064
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0064
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0064
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0065
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0065
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0065
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0065
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0065
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0066
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0066
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0066
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0066
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0066
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0067
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0067
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0067
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0067
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0067
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0068
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0068
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0068
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0068
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0068
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0069
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0069
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0069
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0069
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0069
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0069
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0069
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0070
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0070
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0070
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0070
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0071
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0071
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0071
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0071
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0071
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0071
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0072
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0072
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0072
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0073
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0073
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0073
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0073
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0073
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0074
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0074
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0074
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0074
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0074
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0074
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0074
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0075
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0075
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0075
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0075
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0075
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0076
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0076
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0076
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0076
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0076
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0077
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0077
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0077
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0077
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0077
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0078
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0078
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0078
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0078
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0078
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0079
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0079
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0079
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0079
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0080
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0080
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0080
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0080
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0080
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0081
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0081
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0081
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0081
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0081
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0082
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0082
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0082
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0082
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0082
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0083
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0083
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0083
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0083
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0083
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0084
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0084
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0084
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0084
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0084
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0085
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0085
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0085
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0085
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0086
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0086
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0086
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0086
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0086
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0087
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0087
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0087
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0087
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0087
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0088
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0088
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0088
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0088
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0088
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0089
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0089
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0089
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0089
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0089
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0089
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0089
http://err.ersjournals.com/lookup/doi/10.1183/16000617.0126-2018
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0090
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0090
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0090
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0090
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0090
https://doi.org/10.1002/14651858.CD000104.pub3
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0092
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0092
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0092
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0092
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0092
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0093
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0093
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0093
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0093
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0093
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0094
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0094
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0094
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0094
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0094

18

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

N.T. Mowery, W.TH. Terzian and A.C. Nelson/Current Problems in Surgery 57 (2020) 100777

Derdak S, Mehta S, Stewart TE, et al. High-frequency oscillatory ventilation for acute respiratory distress syndrome
in adults: a randomized, controlled trial. Am J Respir Crit Care Med. 2002;166:801-808.

Young D, Lamb SE, Shah S, et al. High-frequency oscillation for acute respiratory distress syndrome. N Engl | Med.
2013;368:806-813.

Ferguson ND, Cook DJ, Guyatt GH, et al. High-frequency oscillation in early acute respiratory distress syndrome. N
Engl ] Med. 2013;368:795-805.

Peek GJ, Mugford M, Tiruvoipati R, et al. Efficacy and economic assessment of conventional ventilatory support
versus extracorporeal membrane oxygenation for severe adult respiratory failure (CESAR): a multicentre randomised
controlled trial. Lancet. 2009;374:1351-1363.

Morris AH, Wallace CJ, Menlove RL, et al. Randomized clinical trial of pressure-controlled inverse ratio ventilation
and extracorporeal CO2 removal for adult respiratory distress syndrome. Am J Respir Crit Care Med. 1994;149(2 Pt
1):295-305.

Zapol WM, Snider MT, Hill JD, et al. Extracorporeal membrane oxygenation in severe acute respiratory failure. A
randomized prospective study. JAMA. 1979;242:2193-2196.

Piehl MA, Brown RS. Use of extreme position changes in acute respiratory failure. Crit Care Med. 1976;4:13-14.
Douglas WW, Rehder K, Beynen FM, Sessler AD, Marsh HM. Improved oxygenation in patients with acute respira-
tory failure: the prone position. Am Rev Respir Dis. 1977;115:559-566.

Gattinoni L, Tognoni G, Pesenti A, et al. Effect of prone positioning on the survival of patients with acute respiratory
failure. N Engl | Med. 2001;345:568-573.

Guerin C, Reignier ], Richard JC, et al. Prone positioning in severe acute respiratory distress syndrome. N Engl ] Med.
2013;368:2159-2168.

Fernandez R, Trenchs X, Klamburg ], et al. Prone positioning in acute respiratory distress syndrome: a multicenter
randomized clinical trial. Intensive Care Med. 2008;34:1487-1491.

Mancebo ], Fernandez R, Blanch L, et al. A multicenter trial of prolonged prone ventilation in severe acute respira-
tory distress syndrome. Am J Respir Crit Care Med. 2006;173:1233-1239.

Sibbald WJ, Short AK, Warshawski FJ, Cunningham DG, Cheung H. Thermal dye measurements of extravascular lung
water in critically ill patients. Intravascular Starling forces and extravascular lung water in the adult respiratory
distress syndrome. Chest. 1985;87:585-592.

Humphrey H, Hall ], Sznajder I, Silverstein M, Wood L. Improved survival in ARDS patients associated with a reduc-
tion in pulmonary capillary wedge pressure. Chest. 1990;97:1176-1180.

Reising CA, Chendrasekhar A, Wall PL, Paradise NF, Timberlake GA, Moorman DW. Continuous dose furosemide as
a therapeutic approach to acute respiratory distress syndrome (ARDS). J Surg Res. 1999;82:56-60.

Schuller D, Mitchell JP, Calandrino FS, Schuster DP. Fluid balance during pulmonary edema. Is fluid gain a marker
or a cause of poor outcome? Chest. 1991;100:1068-1075.

Simmons RS, Berdine GG, Seidenfeld JJ, et al. Fluid balance and the adult respiratory distress syndrome. Am Rev
Respir Dis. 1987;135:924-929.

Wheeler APBlood Institute Acute Respiratory Distress Syndrome Clinical Trials N. Pulmonary-artery versus central
venous catheter to guide treatment of acute lung injury. N Engl J] Med. 2006;354:2213-2224.

Artinian V, Krayem H, DiGiovine B. Effects of early enteral feeding on the outcome of critically ill mechanically
ventilated medical patients. Chest. 2006;129:960-967.

Eyer SD, Micon LT, Konstantinides FN, et al. Early enteral feeding does not attenuate metabolic response after blunt
trauma. J Trauma. 1993;34:639-643 discussion 643-634.

Ibrahim EH, Mehringer L, Prentice D, et al. Early versus late enteral feeding of mechanically ventilated patients:
results of a clinical trial. JPEN | Parenter Enteral Nutr. 2002;26:174-181.

Rice TW, Mogan S, Hays MA, Bernard GR, Jensen GL, Wheeler AP. Randomized trial of initial trophic versus
full-energy enteral nutrition in mechanically ventilated patients with acute respiratory failure. Crit Care Med.
2011;39:967-974.

Buchman AL, Moukarzel AA, Bhuta S, et al. Parenteral nutrition is associated with intestinal morphologic and func-
tional changes in humans. JPEN ] Parenter Enteral Nutr. 1995;19:453-460.

Groos S, Hunefeld G, Luciano L. Parenteral versus enteral nutrition: morphological changes in human adult intesti-
nal mucosa. ] Submicrosc Cytol Pathol. 1996;28:61-74.

Hernandez G, Velasco N, Wainstein C, et al. Gut mucosal atrophy after a short enteral fasting period in critically ill
patients. J Crit Care. 1999;14:73-77.

Gadek JE, DeMichele SJ, Karlstad MD, et al. Effect of enteral feeding with eicosapentaenoic acid, gamma-linolenic
acid, and antioxidants in patients with acute respiratory distress syndrome. Enteral Nutrition in ARDS Study Group.
Crit Care Med. 1999;27:1409-1420.

Pontes-Arruda A, Demichele S, Seth A, Singer P. The use of an inflammation-modulating diet in patients with acute
lung injury or acute respiratory distress syndrome: a meta-analysis of outcome data. JPEN | Parenter Enteral Nutr.
2008;32:596-605.

Singer P, Theilla M, Fisher H, Gibstein L, Grozovski E, Cohen ]. Benefit of an enteral diet enriched with
eicosapentaenoic acid and gamma-linolenic acid in ventilated patients with acute lung injury. Crit Care Med.
2006;34:1033-1038.

Rice TW, Wheeler AP, Thompson BT, et al. Enteral omega-3 fatty acid, gamma-linolenic acid, and antioxidant sup-
plementation in acute lung injury. JAMA. 2011;306:1574-1581.

The ARDS Network Authors for the ARDS Network. Ketoconazole for early treatment of acute lung injury and acute
respiratory distress syndrome: a randomized controlled trial. JAMA. 2000;283:1995-2002. doi:10.1001/jama.283.15.
1995.

The ARDS Network Authors for the ARDS Network. Randomized, placebo-controlled trial of lisofylline for early
treatment of acute lung injury and acute respiratory distress syndrome. Crit Care Med. 2002;30:1-6.

Bernard GR, Luce JM, Sprung CL, et al. High-dose corticosteroids in patients with the adult respiratory distress
syndrome. N Engl | Med. 1987;317:1565-1570.


http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0095
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0095
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0095
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0095
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0095
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0096
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0096
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0096
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0096
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0096
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0097
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0097
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0097
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0097
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0097
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0098
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0098
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0098
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0098
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0098
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0099
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0099
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0099
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0099
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0099
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0100
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0100
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0100
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0100
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0100
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0101
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0101
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0101
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0102
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0102
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0102
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0102
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0102
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0102
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0103
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0103
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0103
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0103
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0103
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0104
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0104
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0104
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0104
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0104
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0105
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0105
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0105
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0105
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0105
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0106
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0106
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0106
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0106
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0106
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0107
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0107
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0107
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0107
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0107
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0107
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0108
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0108
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0108
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0108
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0108
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0108
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0109
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0109
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0109
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0109
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0109
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0109
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0109
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0110
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0110
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0110
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0110
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0110
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0111
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0111
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0111
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0111
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0111
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0112
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0112
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0113
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0113
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0113
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0113
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0114
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0114
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0114
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0114
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0114
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0115
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0115
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0115
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0115
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0115
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0116
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0116
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0116
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0116
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0116
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0116
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0116
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0117
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0117
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0117
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0117
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0117
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0118
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0118
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0118
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0118
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0119
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0119
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0119
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0119
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0119
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0120
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0120
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0120
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0120
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0120
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0121
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0121
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0121
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0121
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0121
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0122
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0122
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0122
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0122
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0122
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0122
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0122
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0123
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0123
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0123
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0123
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0123
https://doi.org/10.1001/jama.283.15.1995
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0125
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0126
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0126
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0126
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0126
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0126

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

N.T. Mowery, W.TH. Terzian and A.C. Nelson/Current Problems in Surgery 57 (2020) 100777 19

Meduri GU, Chinn A. Fibroproliferation in late adult respiratory distress syndrome. Pathophysiology, clinical
and laboratory manifestations, and response to corticosteroid rescue treatment. Chest. 1994;105(3 Suppl):127S-
129S.

Meduri GU, Bridges L, Shih MC, Marik PE, Siemieniuk RAC, Kocak M. Prolonged glucocorticoid treatment is associ-
ated with improved ARDS outcomes: analysis of individual patients’ data from four randomized trials and trial-level
meta-analysis of the updated literature. Intensive Care Med. 2016;42:829-840.

McIntyre Jr RC, Pulido EJ, Bensard DD, Shames BD, Abraham E. Thirty years of clinical trials in acute respiratory
distress syndrome. Crit Care Med. 2000;28:3314-3331.

Tongyoo S, Permpikul C, Mongkolpun W, et al. Hydrocortisone treatment in early sepsis-associated acute respiratory
distress syndrome: results of a randomized controlled trial. Crit Care. 2016;20:329.

Steinberg KP, Hudson LD, Goodman RB, et al. Efficacy and safety of corticosteroids for persistent acute respiratory
distress syndrome. N Engl ] Med. 2006;354:1671-1684.

Fielding-Singh V, Matthay MA, Calfee CS. Beyond low tidal volume ventilation: treatment adjuncts for severe respi-
ratory failure in acute respiratory distress syndrome. Crit Care Med. 2018;46:1820-1831.

Annane D, Pastores SM, Rochwerg B, et al. Guidelines for the diagnosis and management of critical illness-related
corticosteroid insufficiency (CIRCI) in critically ill patients (Part I): Society of Critical Care Medicine (SCCM) and
European Society of Intensive Care Medicine (ESICM) 2017. Intensive Care Med. 2017;43:1751-1763.

Meduri GU, Headley AS, Golden E, et al. Effect of prolonged methylprednisolone therapy in unresolving acute res-
piratory distress syndrome: a randomized controlled trial. JAMA. 1998;280:159-165.

Berthiaume Y, Broaddus VC, Gropper MA, Tanita T, Matthay MA. Alveolar liquid and protein clearance from normal
dog lungs. J Appl Physiol (1985). 1988;65:585-593.

Berthiaume Y, Staub NC, Matthay MA. Beta-adrenergic agonists increase lung liquid clearance in anesthetized sheep.
J Clin Invest. 1987;79:335-343.

McAuley DF, Matthay MA. Is there a role for beta-adrenoceptor agonists in the management of acute lung injury
and the acute respiratory distress syndrome. Treat Respir Med. 2005;4:297-307.

Sakuma T, Folkesson HG, Suzuki S, Okaniwa G, Fujimura S, Matthay MA. Beta-adrenergic agonist stimulated alveolar
fluid clearance in ex vivo human and rat lungs. Am J Respir Crit Care Med. 1997;155:506-512.

Saldias FJ, Lecuona E, Comellas AP, Ridge KM, Rutschman DH, Sznajder ]JI. beta-adrenergic stimulation restores rat
lung ability to clear edema in ventilator-associated lung injury. Am J Respir Crit Care Med. 2000;162:282-287.
Vivona ML, Matthay M, Chabaud MB, Friedlander G, Clerici C. Hypoxia reduces alveolar epithelial sodium and fluid
transport in rats: reversal by beta-adrenergic agonist treatment. Am J Respir Cell Mol Biol. 2001;25:554-561.
Matthay MA, et al.Blood Institute Acute Respiratory Distress Syndrome Clinical Trials N Randomized, placebo-con-
trolled clinical trial of an aerosolized beta(2)-agonist for treatment of acute lung injury. Am J Respir Crit Care Med.
2011;184:561-568.

Gates S, Perkins GD, Lamb SE, et al. Beta-Agonist Lung injury Trlal-2 (BALTI-2): a multicentre, randomised, dou-
ble-blind, placebo-controlled trial and economic evaluation of intravenous infusion of salbutamol versus placebo in
patients with acute respiratory distress syndrome. Health Technol Assess. 2013;17:1-87 v-vi.

Choi HS, Park M], Kang HM, Kim Y], Choi CW, You JH. Statin use in sepsis due to pneuomonia [Abstract]. American
Thoracic Society International Conference. May 16-21, 2008, Toronto.

Kor DJ, Iscimen R, Yilmaz M, Brown M], Brown DR, Gajic O. Statin administration did not influence the progres-
sion of lung injury or associated organ failures in a cohort of patients with acute lung injury. Intensive Care Med.
2009;35:1039-1046.

Pasin L, Landoni G, Castro ML, et al. The effect of statins on mortality in septic patients: a meta-analysis of ran-
domized controlled trials. PLoS One. 2013;8:e82775.

Kruger P, Bailey M, Bellomo R, et al. A multicenter randomized trial of atorvastatin therapy in intensive care pa-
tients with severe sepsis. Am ] Respir Crit Care Med. 2013;187:743-750.

Kruger PS, Harward ML, Jones MA, et al. Continuation of statin therapy in patients with presumed infection: a
randomized controlled trial. Am J Respir Crit Care Med. 2011;183:774-781.

Novack V, Eisinger M, Frenkel A, et al. The effects of statin therapy on inflammatory cytokines in pa-
tients with bacterial infections: a randomized double-blind placebo controlled clinical trial. Intensive Care Med.
2009;35:1255-1260.

Patel JM, Snaith C, Thickett DR, et al. Randomized double-blind placebo-controlled trial of 40 mg/day of atorvastatin
in reducing the severity of sepsis in ward patients (ASEPSIS Trial). Crit Care. 2012;16:R231.

Anzueto A, Baughman RP, Guntupalli KK, et al. Aerosolized surfactant in adults with sepsis-induced acute res-
piratory distress syndrome. Exosurf Acute Respiratory Distress Syndrome Sepsis Study Group. N Engl | Med.
1996;334:1417-1421.

Gregory TJ, Steinberg KP, Spragg R, et al. Bovine surfactant therapy for patients with acute respiratory distress
syndrome. Am ] Respir Crit Care Med. 1997;155:1309-1315.

Bull TM, Clark B, McFann K, Moss M. National Institutes of Health/National Heart L, Blood Institute AN. Pulmonary
vascular dysfunction is associated with poor outcomes in patients with acute lung injury. Am J Respir Crit Care Med.
2010;182:1123-1128.

Bigatello LM, Zapol WM. New approaches to acute lung injury. Br J Anaesth. 1996;77:99-109.

Gebistorf F, Karam O, Wetterslev ], Afshari A. Inhaled nitric oxide for acute respiratory distress syndrome (ARDS) in
children and adults. Cochrane Database Syst Rev. 2016.

Fuller BM, Mohr NM, Skrupky L, Fowler S, Kollef MH, Carpenter CR. The use of inhaled prostaglandins in patients
with ARDS: a systematic review and meta-analysis. Chest. 2015;147:1510-1522.

Papazian L, Forel JM, Gacouin A, et al. Neuromuscular blockers in early acute respiratory distress syndrome. N Engl
J Med. 2010;363:1107-1116.


http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0127
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0127
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0127
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0128
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0128
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0128
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0128
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0128
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0128
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0128
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0129
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0129
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0129
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0129
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0129
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0129
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0130
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0130
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0130
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0130
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0130
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0131
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0131
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0131
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0131
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0131
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0132
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0132
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0132
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0132
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0133
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0133
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0133
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0133
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0133
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0134
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0134
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0134
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0134
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0134
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0135
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0135
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0135
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0135
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0135
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0135
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0136
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0136
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0136
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0136
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0137
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0137
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0137
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0138
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0138
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0138
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0138
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0138
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0138
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0138
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0139
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0139
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0139
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0139
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0139
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0139
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0139
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0140
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0140
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0140
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0140
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0140
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0140
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0141
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0141
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0141
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0142
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0142
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0142
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0142
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0142
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0143
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0143
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0143
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0143
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0143
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0143
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0143
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0144
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0144
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0144
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0144
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0144
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0144
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0144
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0145
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0145
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0145
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0145
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0145
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0146
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0146
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0146
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0146
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0146
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0147
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0147
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0147
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0147
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0147
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0148
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0148
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0148
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0148
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0148
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0149
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0149
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0149
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0149
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0149
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0150
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0150
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0150
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0150
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0150
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0151
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0151
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0151
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0151
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0151
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0152
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0152
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0152
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0152
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0152
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0153
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0153
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0153
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0154
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0154
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0154
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0154
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0154
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0155
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0155
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0155
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0155
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0155
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0155
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0155
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0156
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0156
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0156
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0156
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0156

20

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

N.T. Mowery, W.TH. Terzian and A.C. Nelson/Current Problems in Surgery 57 (2020) 100777

Gupta N, Su X, Popov B, Lee JW, Serikov V, Matthay MA. Intrapulmonary delivery of bone marrow-derived mes-
enchymal stem cells improves survival and attenuates endotoxin-induced acute lung injury in mice. J Immunol.
2007;179:1855-1863.

Ortiz LA, Gambelli F, McBride C, et al. Mesenchymal stem cell engraftment in lung is enhanced in response to
bleomycin exposure and ameliorates its fibrotic effects. Proc Natl Acad Sci U S A. 2003;100:8407-8411.

Rojas M, Xu ], Woods CR, et al. Bone marrow-derived mesenchymal stem cells in repair of the injured lung. Am J
Respir Cell Mol Biol. 2005;33:145-152.

Xu ], Woods CR, Mora AL, et al. Prevention of endotoxin-induced systemic response by bone marrow-derived mes-
enchymal stem cells in mice. Am J Physiol Lung Cell Mol Physiol. 2007;293:L131-L141.

Lee JW, Fang X, Gupta N, Serikov V, Matthay MA. Allogeneic human mesenchymal stem cells for treatment
of E. coli endotoxin-induced acute lung injury in the ex vivo perfused human lung. Proc Natl Acad Sci U S A.
2009;106:16357-16362.

Tzotzos S, Fischer B, Fischer H, et al. AP301, a synthetic peptide mimicking the lectin-like domain of TNF, en-
hances amiloride-sensitive Na(+) current in primary dog, pig and rat alveolar type II cells. Pulm Pharmacol Ther.
2013;26:356-363.

Krenn K, Lucas R, Croize A, et al. Inhaled AP301 for treatment of pulmonary edema in mechanically ventilated
patients with acute respiratory distress syndrome: a phase Ila randomized placebo-controlled trial. Crit Care.
2017;21:194.

Bellingan G, Maksimow M, Howell DC, et al. The effect of intravenous interferon-beta-1a (FP-1201) on lung
CD73 expression and on acute respiratory distress syndrome mortality: an open-label study. Lancet Respir Med.
2014;2:98-107.

Xie T, Liang J, Liu N, et al. MicroRNA-127 inhibits lung inflammation by targeting IgG Fcgamma receptor I. J Im-
munol. 2012;188:2437-2444.

Paine 3rd R, Wilcoxen SE, Morris SB, et al. Transgenic overexpression of granulocyte macrophage-colony stimulating
factor in the lung prevents hyperoxic lung injury. Am J Pathol. 2003;163:2397-2406.

Oi-Yee Cheung PG, Maxwell L. Smith Acute Lung Injury. In: Wick KOLaMR, ed. Practical Pulmonary Pathology: A
Diagnostic Approach. 3rd ed. Elsevier Inc; 2018:125-146.

Johnson ER, Matthay MA. Acute lung injury: epidemiology, pathogenesis, and treatment. | Aerosol Med Pulm Drug
Deliv. 2010;23:243-252.

Luce JM, Montgomery AB, Marks JD, Turner J, Metz CA, Murray JF. Ineffectiveness of high-dose methylprednisolone
in preventing parenchymal lung injury and improving mortality in patients with septic shock. Am Rev Respir Dis.
1988;138:62-68.

Domenighetti G, Suter PM, Schaller MD, Ritz R, Perret C. Treatment with N-acetylcysteine during acute respiratory
distress syndrome: a randomized, double-blind, placebo-controlled clinical study. J Crit Care. 1997;12:177-182.
Dellinger RP, Zimmerman JL, Taylor RW, et al. Effects of inhaled nitric oxide in patients with acute respiratory
distress syndrome: results of a randomized phase II trial. Inhaled Nitric Oxide in ARDS Study Group. Crit Care Med.
1998;26:15-23.

Vincent JL, Brase R, Santman F, et al. A multi-centre, double-blind, placebo-controlled study of liposo-
mal prostaglandin E1 (TLC C-53) in patients with acute respiratory distress syndrome. Intensive Care Med.
2001;27:1578-1583.

Perkins GD, McAuley DF, Thickett DR, Gao F. The beta-agonist lung injury trial (BALTI): a randomized placebo-con-
trolled clinical trial. Am J Respir Crit Care Med. 2006;173:281-287.

Morris PE, Papadakos P, Russell JA, et al. A double-blind placebo-controlled study to evaluate the safety and efficacy
of L-2-oxothiazolidine-4-carboxylic acid in the treatment of patients with acute respiratory distress syndrome. Crit
Care Med. 2008;36:782-788.

Liu KD, Levitt J, Zhuo H, et al. Randomized clinical trial of activated protein C for the treatment of acute lung injury.
Am ] Respir Crit Care Med. 2008;178:618-623.


http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0157
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0157
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0157
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0157
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0157
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0157
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0157
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0158
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0158
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0158
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0158
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0158
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0159
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0159
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0159
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0159
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0159
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0160
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0160
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0160
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0160
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0160
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0161
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0161
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0161
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0161
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0161
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0161
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0162
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0162
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0162
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0162
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0162
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0163
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0163
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0163
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0163
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0163
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0164
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0164
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0164
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0164
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0164
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0165
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0165
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0165
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0165
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0165
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0166
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0166
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0166
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0166
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0166
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0167
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0167
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0167
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0168
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0168
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0168
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0169
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0169
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0169
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0169
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0169
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0169
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0169
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0170
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0170
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0170
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0170
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0170
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0170
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0171
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0171
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0171
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0171
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0171
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0172
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0172
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0172
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0172
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0172
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0173
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0173
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0173
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0173
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0173
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0174
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0174
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0174
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0174
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0174
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0175
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0175
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0175
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0175
http://refhub.elsevier.com/S0011-3840(20)30047-2/sbref0175

	Acute lung injury
	Introduction
	Definition
	Epidemiology
	Histology
	Pathogenesis
	Treatment
	Ventilator strategies
	Prone positioning
	Fluid management
	Nutrition
	Pharmacologic interventions

	Conclusion
	References


