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Acute lung injury and the acute respiratory distress 
syndrome: a clinical review
Arthur P Wheeler, Gordon R Bernard

Acute respiratory distress syndrome and acute lung injury are well defi ned and readily recognised clinical disorders 
caused by many clinical insults to the lung or because of predispositions to lung injury. That this process is common 
in intensive care is well established. The mainstay of treatment for this disorder is provision of excellent supportive 
care since these patients are critically ill and frequently have coexisting conditions including sepsis and multiple 
organ failure. Refi nements in ventilator and fl uid management supported by data from prospective randomised trials 
have increased the methods available to eff ectively manage this disorder.

Defi nition and diagnosis
Acute respiratory distress syndrome and acute lung 
injury were fi rst described in 1967, and are characterised 
by the abrupt onset of clinically signifi cant hypoxaemia 
with presence of diff use pulmonary infi ltrates. These 
infi ltrates show on radiograph (fi gure) as pulmonary 
oedema resulting from increased pulmonary vascular 
permeability.1 These disorders aff ect patients of all ages 
and usually happen soon after an easily identifi ed 
triggering event (panel 1). The likelihood of developing 
acute lung injury depends on the predisposing disorder; 
some events (eg, severe sepsis) are more likely to 
progress to lung injury than others. The risk of 
individuals developing acute lung injury also depends 
on patients’ characteristics. For example, alcoholism is 
a predisposing factor2 and data now suggest the 
possibility of a genetic predisposition.3,4 Although the 
causes of acute lung injury have been segregated into 
direct and indirect injuries, outcomes are similar in 
both categories if age, underlying chronic illnesses, and 
severity of non-pulmonary illness and gas-exchange 
abnormalities are controlled for.5–8

When the hypoxaemia in acute lung injury is severe 
(partial arterial pressure of oxygen [PaO2]/fractional 
concentration of oxygen in inspired air [FIO2] <200), the 
disorder is termed the acute respiratory distress 
syndrome. However, most epidemiological and 
interventional studies use the broader range of gas-
exchange abnormality (PaO2/FIO2 <300) and refer to the 
overall disorder as acute lung injury. These defi nitions 
have limitations: for example, the physiological 
thresholds do not need standardised ventilatory support. 
The use of positive end-expiratory pressure (PEEP) can 
improve oxygenation indices suffi  ciently to convert 
patients meeting the defi nition of acute respiratory 
distress syndrome to have acute lung injury, and can 
change the physiology in the lung such that the patient 
does not meet the criteria for acute lung injury or acute 
respiratory distress syndrome. Another factor that 
aff ects the defi nition of acute respiratory distress 
syndrome is the substantial variability of physicians’ 
interpretations of radiographs.9 Nevertheless, this 
nomenclature developed by international consensus is 
nearly a decade old and is widely accepted10 (panel 2). 

For consistency and clarity we use the inclusive term 
acute lung injury for the remainder of this Review. 

Because acute lung injury has no pathognomonic 
laboratory or radiographic feature, diagnostic confusion 
could occur with other diseases that cause hypoxaemia 
and show pulmonary oedema on radiographs (panel 3).11 
Although the term acute lung injury helps to identify a 
group of patients who can generally be treated in the 
same way, there are important exceptions. For example, 
several rare diseases (eg, acute eosinophilic pneumonia) 
do have a specifi c treatment and, if not carefully 
considered, could be overlooked under the general 
classifi cation of acute lung injury. Clinicians should 
carefully think about all patients meeting the defi nition 
of acute lung injury to ensure that they do not miss an 
underlying disease with a specifi c treatment.

Left atrial hypertension from either intravascular 
volume overload or heart disease (eg, mitral stenosis, left 
ventricular failure) most often present the diagnostic 
dilemma. Historically, eff orts have been made to 
distinguish acute lung injury from hydrostatic pulmonary 
oedema by measuring pulmonary vascular permeability 
in research settings and by measuring pulmonary-artery 
occlusion pressure in clinical settings. The distinction 
between these two disorders was thought to be especially 
important for patients entering clinical studies, but this 
measurement has mainly been abandoned with the 
realisation that exceeding an arbitrary pulmonary-artery 
occlusion pressure does not exclude a diagnosis of acute 
lung injury since a concurrent illness could raise this 
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Search strategy and selection criteria

We searched the Cochrane Library and MEDLINE (for entries up to October, 2005). We used 
the search terms “acute lung injury”, “ALI”, “acute respiratory distress syndrome”, and 
“ARDS”. Animal and human studies were reviewed. We mainly selected publications in the 
past 5 years, but did not exclude commonly referenced and highly regarded older 
publications. We also searched the reference lists of articles identifi ed by this search and 
selected those we judged relevant. Generally, preference was given to large randomised 
human clinical trials, but several review articles, letters, and editorials were included 
because they provided a comprehensive overview of histopathology or a historical view of 
treatment. The reference list was subsequently modifi ed during the peer-review process on 
the basis of comments from reviewers and updated with newer publications.
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pressure. Such a situation could happen in a patient with 
pneumonia-induced septic shock, diff use bilateral 
pulmonary infi ltrates, and refractory hypoxaemia who 
has undergone large-volume fl uid resuscitation. In this 

setting, pulmonary-artery occlusion pressure could well 
exceed 18 mm Hg, although the patient would still have 
acute lung injury. Additionally, without great diligence, 
measurements of bedside pulmonary-artery occlusion 
pressure do not have the precision needed to make this 
distinction, because they vary greatly.12,13 Even when 
pulmonary-artery occlusion pressure is less than 
18 mm Hg, one cannot confi rm that oedema is the result 
of altered permeability because reduced colloid oncotic 
pressure promotes oedema in the absence of permeability 
changes.14,15

Prevalence and outcomes
Depending on how the syndromes are defi ned and where 
the survey is undertaken, the reported frequency of acute 
lung injury varies widely. The frequency seems to be 
increased in developed countries and if less stringent 
criteria for hypoxaemia are used. Estimates worldwide 
range from 1·5 to 75 cases per 100 000 population.16,17 
Irrespective of diff erences in estimates, hundreds of 
thousands of cases occur worldwide every year and are 
associated with substantial morbidity, cost, and 
mortality.18,19

Mortality rates of acute lung injury also vary greatly 
depending on the age of the patient and presence of 
non-pulmonary organ dysfunctions; advanced age, 
shock, and hepatic failure are most predictive of death 
whereas young trauma patients have the best outcomes.20 
Paradoxically, for a disease known predominantly to 
cause hypoxaemia, the initial degree of gas-exchange 
impairment is a poor predictor of outcome unless 
severe (eg, PaO2/FIO2 <50).7,21 Severe hypoxaemia that 
persists for days has a greater predictive value.22 Two 
decades ago, mortality from acute lung injury was often 
reported as 50–70% but has since declined over time.23 
Reasons for this improvement are unknown; however, 
advances in supportive care are thought to have 
decreased extrapulmonary organ failures, which could 
account for most of the change.24 In the most recent 
randomised trials,25 overall 28-day mortality is reported 
as 25–30% whereas mortality in community-based 
surveys is 35–40%.

For most patients with acute lung injury, outcome is 
determined in 7–10 days, by which time about half of 
patients have died or have been weaned off  treatment.26 
Nevertheless, a substantial proportion have a slow 
recovery, with up to 10% of patients needing more than 
1 month of ventilation. Data suggest that the survival 
for patients with persistent, severe acute lung injury 
could be much better than previously thought, with 
survival rates near to 70%. 27 Lung function in survivors 
of acute lung injury returns to normal over 6–12 months28 
but recovery of lung function is probably not the most 
important problem. Neuropsychiatric problems and 
neuromuscular weakness are now known to happen 
frequently and often delay return to school or work by 
months and can occasionally be permanent.29–32

Figure: Frontal portal chest radiograph showing diff use bilateral infi ltrates consistent with acute lung injury

Panel 1: Causes of acute lung injury

Direct injury
Pneumonia
Gastric aspiration 
Drowning
Fat and amniotic-fl uid embolism 
Pulmonary contusion 
Alveolar haemorrhage
Smoke and toxic gas inhalation
Reperfusion (pleural eff usion drainage, embolectomy)

Unilateral lung re-implantation

Indirect injury
Severe sepsis
Transfusions
Shock
Salicylate or narcotic overdose
Pancreatitis
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Histopathology
Early acute lung injury is characterised histologically by a 
diff use neutrophilic alveolar infi ltrate, with haemorrhage, 
and the accumulation of a protein-rich pulmonary 
oedema. During this acute, so-called exudative phase, a 
panoply of cytokines (eg, tumour necrosis factor, 
interleukin 1, interleukin 8) incites and perpetuates 
infl ammation. By increasing oxidant stress and protease 
activity, the infl ammatory mixture in the alveoli and 
interstitium reduces surfactant production, and 
inactivates remaining surfactant, thereby promoting 
widespread atelectasis. Additionally, elastases damage 
the structural framework of the lung, and both alveolar-
capillary and epithelial-cell injury can be seen. Damage 
of the epithelial barrier exacerbates the tendency for 
alveolar fl ooding, and delays recovery by impairing fl uid 
clearance. A procoagulant tendency is seen in the lung as 
concentrations of anticoagulant proteins (protein C, 
protein S) fall and expression of procoagulant proteins 
(tissue factor) and anti-fi brinolytic proteins (plasminogen 
activator inhibitor 1) increases.33,34 Together, these changes 
are probably responsible for capillary thrombosis.35

Afterwards, some patients with acute lung injury have 
a fi broproliferative phase, during which chronic 
infl ammation, fi brosis, and neovascularisation take 
place.36 Unfortunately, this phase has no specifi c features, 
apart from time that allows the clinician to distinguish 
the exudative period from the fi broproliferative period. 
We do not know why most survivors rapidly resolve the 
acute infl ammation but some progress to the chronic 
phase. Another mystery is why the histological changes 
of fi broproliferation can be seen in some patients in 
days, but not occur in others for weeks. 

Pathophysiology 
In the early phase of acute lung injury, leakage of 
oedema fl uid into the lung and infl ammatory cellular 
infi ltrates cause diff usion abnormalities and ventilation-
perfusion mismatch, which clinically manifest as 
hypoxaemia. Concurrently, cellular infi ltration, diff use 
atelectasis, and oedema fl uid reduce thoracic compliance. 
The combination of regional alveolar over-distention 
and small-vessel thrombosis increases dead space. 
Hypoxaemic vasoconstriction and capillary obliteration 
raise pulmonary-artery pressures, and if raised pressures 
are sustained, cor pulmonale can occur. Increased 
dead-space ventilation, reduced lung compliance, and 
hypoxaemia combine to greatly increase the eff ort of 
breathing. Eventually, oxygen demands exceed 
ventilatory capability, and hypoxaemic, hypercarbic 
respiratory failure will take place if left untreated.

Treatment
Acute lung injury has no specifi c treatment, although 
some doctors would argue that ventilation with a 
normal tidal volume, which results in reduced airway 
pressure, is a specifi c treatment. The mainstay of 

treatment is supportive care, mainly to avoid iatrogenic 
complications and treat the underlying cause, while 
maintaining adequate oxygenation. Almost all patients 
with acute lung injury need positive-pressure ventilation 
with supplemental oxygen and PEEP. Physical support 
is usually provided by use of a cuff ed tracheal tube. 
Although some patients can be successfully supported 
with non-invasive mask ventilation, few large, well 
conducted randomised trials demonstrate the feasibility 
of non-invasive ventilation or indicate its benefi ts over 
tracheal-tube-delivered ventilation.37,38 

Supportive care 
A treatment for the cause of acute lung injury is 
desirable. Measures for the prevention of deep vein 
thrombosis, gastrointestinal bleeding, and pressure 
ulcers should be provided for all patients.39 The head of 
the bed should be raised to an angle of at least 30° to 
reduce the risk of hospital-acquired pneumonia, 
probably for all patients, but at least for those who are 
enterally fed.40 Although enteral nutrition is widely 
advocated, few data are available to guide selection of 
the formula; optimum delivery location; timing of 
initiation, rate of administration, and clinical practice is 
highly heterogeneous.41 All invasive catheters should be 
inserted with maximum barrier precautions and 
chlorhexidine skin preparation.42 Standardised, goal-
directed sedation practices are sensible because they 
decrease the length of mechanical ventilation and 
intensive care unit stay.43 Glucose control that is more 
stringent than is traditionally maintained could be 
benefi cial, although this strategy has not been tested 
exclusively in patients with acute lung injury.44

Panel 2: Simplifi ed consensus defi nition of acute lung injury

• Acute onset (less than 7 days)
• Severe hypoxaemia (PaO2/FIO2 <300 for acute lung injury, or 200 for acute respiratory 

distress syndrome)
• Diff use bilateral pulmonary infi ltrates on frontal radiograph consistent with 

pulmonary oedema (these can be patchy and asymmetric, and pleural eff usions can 
be present)

• Absence of left atrial hypertension (pulmonary-artery wedge pressure <18 mm Hg 
if measured)

Panel 3: Diff erential diagnosis of acute lung injury

Left ventricular failure
Intravascular volume overload
Mitral stenosis
Veno-occlusive disease
Lymphangitic carcinoma
Interstitial and airway diseases
• Hypersensitivity pneumonitis
• Acute eosinophilic pneumonia
• Bronchiolitis obliterans with organising pneumonia
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Mechanical ventilation, oxygen, and PEEP
Few of the many combinations of ventilatory mode, 
rate, tidal volume, fl ow rate and pattern, FIO2, and 
PEEP, have undergone rigorous testing in human 
beings with durable, clinically important endpoints 
such as mortality. Therefore, how to best ventilate and 
oxygenate patients with acute lung injury is 
controversial. Historically, the primary goal was to 
achieve near normal arterial blood gases, even if high 
tidal volumes and minute ventilations had to be 
used.45,46 Arterial blood gases were obtained frequently 
to monitor treatment in some patients after each 
ventilator change. In this traditional approach, the 
risks of airway pressure were perceived as small 
because the complications of high airway pressures 
(eg, pneumothorax), were believed to be uncommon, 
readily apparent, unavoidable, and easily treated.47 Tidal 
volumes that were 50–100% larger (10–15 mL/kg of 
actual bodyweight) than those of spontaneously 
breathing healthy controls at rest (5–7 mL/kg predicted 
bodyweight) would normally have been provided.48,49 
Supplemental oxygen was supplied, usually with low 
PEEP, and when the required oxygen concentration 
reached a value that prompted physician concern, 
PEEP was increased to maintain an acceptable PaO2 at 
an acceptable FIO2. The defi nition of acceptable diff ered 
by physician but there was some consensus that PaO2 
greater than 60 mm Hg with FIO2 less than 0·6 mm Hg 
were desirable.50,51 Heterogeneity in selection of tidal 
volume, and positive end expiratory pressure-FiO2 
combinations existed because few data were available 
to guide choices.52 Wide variations in reported practices 
continue today.53,54

In the past 5 years, advances have been made in the 
ventilation of patients with acute lung injury, which 
centre on three issues: the realisation that alveolar 
involvement is heterogeneous, awareness that the 
bodyweight of many patients is substantially larger than 
predicted, and recognition that the damage caused by a 
ventilator when adjusted to maintain normal blood 
gases could be substantial but not immediately 
apparent. Lung CT scans of patients with acute lung 
injury showed the heterogeneous nature of alveolar 
eff ects. Imaging revealed that portions (typically 
dependent regions) of the lung were densely infi ltrated, 
while other areas appeared normal or near normal.55–57 
This fi nding suggests that the forcing of supra-normal, 
and perhaps normal, tidal volumes into the injured 
lung will result in over-distention and injury of the 
most compliant alveoli. Moreover, evidence has 
suggested that injury to normal alveoli could result 
from airway pressures traditionally thought to be safe. 
This notion was supported by animal studies indicating 
that alveolar overdistention can not only perpetuate, 
but can also cause lung injury, and gave rise to the idea 
that tidal volumes should be reduced to around the 
smaller volume of aerated lung in acute lung injury (ie, 

the baby lung).58–60 Furthermore, animal studies showed 
that the injury from the large tidal volume was not 
simply a mechanical event of tearing alveoli, but rather 
that high-volume ventilation led to local and systemic 
infl ammation, sometimes referred to as biotrauma61 

Lung capacity is predominantly aff ected by age, sex, 
and height, yet tidal volume was customarily indexed to 
actual bodyweight. With the recognition that patients 
from the intensive care unit were, on average, nearly 
20% larger than their ideal bodyweight, traditional tidal 
volumes were probably too large and should be reduced 
to at least those appropriate for age, sex, and height.62 
This fi nding led to the decision by some investigators to 
index tidal volume to predicted bodyweight, a potentially 
important decision to prevent barotrauma.

Several animal studies confi rmed that high airway 
pressures applied to healthy lungs caused rapid 
histopathological changes identical to those seen in 
human beings with acute lung injury and could lead to 
systemic infl ammation and extrapulmonary organ 
damage. This fi nding has been confi rmed in human 
studies and remains the leading theory to explain how 
lower tidal volume ventilation reduces extrapulmonary 
organ failures and improves survival rates. Additionally, 
data now suggest that mechanically ventilated patients 
without acute lung injury have an increased likelihood 
of developing lung injury with large tidal volumes.63

Animal studies of lung injury have also shown that 
smaller tidal volumes were associated with reduced 
oedema formation64 After these studies, several case 
series suggested potential benefi t of smaller tidal 
volumes in various lung diseases.65,66 Four small 
randomised trials examined the practice of reduced 
tidal volume ventilation in patients with, or at risk of, 
acute lung injury. Three67–69 of these studies failed to 
show benefi t of lower tidal volume ventilation. The 
fourth study70 used a more complex approach than the 
other three, by testing the lower infl ection point of lung 
compliance (Pfl ex) to set PEEP, undertaking recruitment 
manoeuvres (sustained increases in ventilator pressure), 
and using ventilation with smaller tidal volumes. This 
study70 showed a striking survival benefi t compared 
with a traditional approach, but was not conclusive 
because of: its small size; the technical diffi  culty of 
Pfl ex measurement; the high mortality rate in the 
control group; and the fact that many patients studied 
had an uncommon cause of lung injury.

The US National Institutes of Health Network for 
Acute Respiratory Distress Syndrome (NIH ARDS 
Network)  investigated whether lower tidal volume  
ventilation was benefi cial by undertaking a large 
randomised multicentre study26 of volume-assisted 
controlled ventilation, which compared a traditional 
tidal volume (12 mL/kg of predicted bodyweight) with a 
smaller tidal volume (6 mL/kg of predicted bodyweight). 
In both groups, breath size was indexed to predicted 
bodyweight, and plateau pressure limits mandated 
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additional tidal volume reductions if those pressure 
limits were exceeded. PEEP and FIO2 were set by use of 
an arbitrary, but prospectively defi ned, scale to achieve 
an arterial saturation of 88–95% or PaO2 of 
55–80 mm Hg. When this strategy was applied, rapid 
increases in respiratory rate, decreases in PaO2/FIO2, 
and modest increases in PaCO2 were often seen. 
Although these physiological changes seem to be 
adverse and a cause for concern, and continue to 
hamper the use of lower tidal volumes by some 
clinicians, the changes seem to be unimportant for 
most patients. This trial26 showed a signifi cant reduction 
in 28-day mortality from 40% to 31%, with an increase 
in the number of days free of ventilation and 
extrapulmonary organ failure. This study also confi rmed 
and built on previous fi ndings that larger breaths were 
associated with a delayed resolution of the infl ammatory 
response.71,72 This study26 has four notable diff erences 
from previous unsuccessful trials: it used the lowest 
tidal volume of all the trials; it linked tidal volume to 
predicted bodyweight; it had specifi c rules to treat 
respiratory acidosis, allowing the respiratory rate to 
increase to 35 breaths per min and buff ering the 
acidosis with sodium bicarbonate if needed; and it was 
the largest study, allowing for detection of smaller 
survival diff erences.

This study has generated substantial debate,73–77 with 
some experts asserting that it was irrelevant because 
usual practice had already adopted lower tidal volumes. 
A few postulated that smaller volumes were benefi cial 
only because the higher tidal volume was excessively 
high.78 Others theorised that reduction of tidal volume 
was not necessary if plateau pressures were below a 
safe threshold.79 Tidal volumes for 6 and 12 mL/kg 
predicted bodyweight were even claimed to be 
suboptimum, with the best tidal volume being between 
the two.78 The benefi t seen in the smaller breath group 
has been speculated not to be directly related to the tidal 
volume reduction, but rather to the high respiratory 
rates induced by intrinsic PEEP.80–82Finally, there were 
concerns that smaller tidal volumes would require more 
sedation or paralysis. 

These hypotheses are not supported by data. For 
example, physicians have reported using a tidal volume 
greater than 10 mL/kg for more than 60% of patients.50 
Other contemporary clinical trials also reported tidal 
volumes in the 10–15 mL/kg range,82 and a substantial 
number of enrolled patients were ventilated with a tidal 
volume greater than 10 mL/kg before entering the 
study.26 Surveys of practice continue to show that 
clinicians are ventilating patients with acute lung injury 
with tidal volumes greater than 6 mL/kg.83–86 The theory 
that lower tidal volume resulted in an improved 
outcome solely because the group with traditional tidal 
volume was ventilated with artifi cially large and perhaps 
harmful tidal volume has also been refuted because the 
other unsuccessful trials of lower tidal volumes used 

similar volumes in the groups that had conventional 
higher tidal volume were more likely to survive than 
patients assigned higher tidal volumes, when adjusted 
for bodyweight.67–69 Further examination of the data 
suggests that for every baseline plateau-pressure 
quartile, patients randomly assigned lower tidal 
volumes had a lower mortality, with no detectable safe 
threshold.26,87 This fi nding provides strong evidence that 
use of reduced tidal volume is sensible, even when the 
initial plateau pressure is less than 30–32 cm H2O. 

Results from published trials have not accorded with 
the hypothesis that both the tidal volume selections 
of 6 and 12 mL/kg of predicted bodyweight were 
suboptimum and that the best tidal volume lies either 
between these values or at less than 6 mL, but this 
theory is obviously the most diffi  cult to test. If a 
consensus could be reached on mode and pulmonary 
end expiratory-FIO2 strategy, a study of tens of thou-
sands of patients assigned to tidal volumes ranging 
from less than 6 mL/kg to almost 12 mL/kg would be 
needed to fi nd the best tidal volume; such a study 
would not be feasible. The theory that the benefi t of 
lower tidal volume resulted from tachypnoea-induced 
intrinsic PEEP is not supported by measurements of 
auto-PEEP in a large subset of enrolled patients,88 nor 
by data from a subsequent study of higher PEEP using 
the reduced tidal volume approach.89 Finally, no 
evidence supports the concern that patients ventilated 
with this lower tidal volume strategy needed more 
sedation, or paralysis.90

A pressure-limited mode of ventilation could be better 
than volume-cycled ventilation. A small randomised 
trial91 supports this notion, in which decreased 
extrapulmonary organ failures and mortality were seen 
with pressure-controlled ventilation. Unfortunately, the 
size of the study, baseline imbalances, and the very high 
mortality rate seen in the volume-ventilated group, call 
into question the generalisability of the results. 
Confi rmation awaits additional large randomised 
controlled trials.91,92 No randomised controlled trials 
suggest that high-frequency ventilation improves 
survival of adult patients with acute lung injury,93–95 
despite improving oxygenation.

Thus, we can conclude that use of smaller tidal 
volumes (6 mL/kg of predicted bodyweight) that is 
indexed to predicted bodyweight results in reduced 
markers of infl ammation, higher survival, and fewer 
organ failures than traditional tidal volumes (12 mL/kg 
of predicted bodyweight). A key caveat is that tidal 
volume must be reduced even further if plateau 
pressures exceed 30 mm Hg.26 Although we need further 
investigation of mechanical ventilation strategies that 
improve outcomes,  the ARDS Network study26 (the 
largest positive-ventilation trial undertaken) serves as a 
rational starting point for current clinical practice, and a 
benchmark against which future ventilation strategies 
should be tested.
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Eff ects of PEEP
By recruiting atelectatic alveoli and increasing functional 
residual capacity of supine patients, PEEP reduces 
intrapulmonary shunting and improves oxygenation in 
many lung diseases.96 PEEP might also have detrimental 
eff ects: because it could increase the amount of lung 
water and, in some cases, PEEP could over-distend 
compliant alveoli and worsen ventilation perfusion 
matching, or even create dead space.97 Furthermore, by 
raising intrathoracic pressure, PEEP can decrease 
venous return and increase right-ventricular impedance, 
thereby causing hypotension.98 

Animal studies58,61 have shown that even low amounts 
of PEEP can reduce the development of ventilator-
associated lung injury induced by high cyclic ventilator 
pressures. The known physiological benefi ts on 
oxygenation and the animal study results suggest that 
PEEP would improve the atelectasis of early lung injury 
and might even prevent development of acute lung 
injury in high-risk patients. Unfortunately, use of 
prophylactic PEEP has failed to show benefi t in at least 
one large clinical trial.99 Nevertheless, some doctors do 
not believe the question of prophylactic PEEP has been 
resolved because the trial enrolled patients with various 
diseases at very diff erent risks of acute lung injury, and 
used modest amounts of (8 cm H2O) of PEEP. Although 
not protective against the development of acute lung 
injury, a low amount of PEEP is given to most ventilated 
patients to prevent atelectasis.50

In established acute lung injury, PEEP is routinely 
used to recruit the lung or prevent reversal of 
recruitment, thereby decreasing oxygen requirements, 
and improving other measures of lung function such as 
shunt fraction and compliance. PEEP titration to 
improve lung compliance or oxygen delivery has not 
shown any important clinical benefi ts. The range of 
clinical practice is wide and has included use of very 
high amounts of PEEP, which could be harmful.52,53

To test the hypothesis that high amounts of PEEP 
would further increase the survival benefi t of the lower 
tidal volume ventilation strategy, a large clinical trial89 
was done in which all patients were ventilated with 
6 mL/kg predicted bodyweight of tidal volume but were 
randomly assigned to receive treatment using the 
PEEP-FIO2 scale from the original trial,26 or using higher 
PEEP and lower FIO2 combinations. The approach of 
higher amounts of PEEP with a lower tidal volume was 
also used by Amato and colleagues,70 and incorporated 
recruitment manoeuvres in a subset of patients. In the 
fi rst 4 days of the trial, although the higher PEEP group 
had higher pressure (14 mm Hg) than in the lower PEEP 
group (8 mm Hg), and oxygenation and lung compliance 
were better in the higher PEEP group, no benefi t on 
survival, time on ventilator, or non-pulmonary organ 
function was shown. Furthermore, no benefi t of higher 
PEEP was seen in patients with direct versus indirect 
injury, by severity of initial gas-exchange abnormality, or 

after adjustment for a possible imbalance in age of study 
participants between groups.89 

To explore the many reports of improved physiological 
variables after a recruitment manoeuvre100–105 a subset of 
patients who had higher PEEP in this study106 were 
randomly assigned to receive 35–40 cm H2O continuous 
positive airway pressure for 30 s or a so-called sham 
recruitment manouevre. Unfortunately, neither striking 
nor lasting improvement was recorded in respiratory 
system compliance or oxygenation, but transient 
reductions were seen in blood pressure.106 The authors 
of this study did not exclude the possibility of benefi t 
from other recruitment manouevre strategies and 
encouraged future studies.

However, the study of higher versus lower PEEP89 
confi rmed that when ventilated with 6 mL/kg predicted 
body weight, both groups had mortality rates of about 
25%, as in the original lower tidal volume study.26 These 
results also suggest that in the range of values tested, 
higher concentrations of PEEP are probably not 
harmful.  In view of these fi ndings, we advocate use of 
6 mL/kg predicted bodyweight tidal volume, and the 
lowest PEEP-FIO2 combination that produces acceptable 
oxygenation as a starting point for treatment. We do not 
advocate routine use of recruitment manouevres; 
however, recruitment manouevres are not unreasonable 
in patients with refractory hypoxaemia in an attempt to 
improve oxygenation.

Prone positioning and recruitment manouevres
Because most lung infi ltrates are seen in dependent 
lung regions, it was postulated that prone positioning 
of patients redistributes blood fl ow and ventilation to 
the least aff ected areas of the lung, promotes secretion 
clearance; and shifts the weight of the mediastinal 
contents anteriorly, to assist in the recruitment of 
atelectatic regions.107 Animal and human studies suggest 
that lung compliance and alveolar recruitment, seen as 
infi ltration on radiographs are improved by prone 
positioning.108,109 Additionally, animal studies suggest 
that prone positioning can restrict the degree of 
experimental lung injury.110 The practice was inexpensive 
and seemed to be safe with the possible exception of an 
increased risk of regurgitation and inadvertent 
extubation.111 Hence, many clinical studies of prone 
positioning in acute lung injury and other lung diseases 
were undertaken.112–116 Their fi ndings consistently show 
that about two-thirds of all treated patients have a 
measurable improvement in oxygenation (PaO2/FIO2 
ratio) shortly after prone positioning. Unfortunately, 
the improvement is often transient, and no study has 
shown that prone positioning improves important 
clinical outcomes such as survival, time on ventilation, 
or time in the intensive care unit. 

Debate continues as to whether improved outcomes 
could be demonstrated by using larger studies, studying 
sicker patients, treating patients earlier, or by applying 



Review

www.thelancet.com   Vol 369   May 5, 2007 1559

prone positioning for a longer time each day, than has 
been done in previous studies. The failure to show a 
survival benefi t from this practice could be because 
most patients with acute lung injury do not succumb to 
refractory hypoxaemia, but rather multiple organ 
failure.117  Therefore, measures improving oxygenation 
will probably prove important to survival only in a few 
patients. With current data, we do not advocate routine 
prone positioning of all patients but acknowledge that it 
might be a useful practice to boost oxygenation in a 
patient who is refractory to conventional treatment. 
Unfortunately, no recommendations can be off ered on 
the optimum timing or duration of prone positioning 
until large randomised trials provide more information. 

Corticosteroids 
Many human trials suggest that treatment of patients at 
risk of acute lung injury with high doses of gluco-
corticoids does not decrease the frequency of the 
disease.118–121 Likewise, despite the striking infl ammatory 
reaction in the alveoli, rigorous human studies suggest 
that high-dose glucocorticoids do not modify the course 
of acute lung injury when given early in the course of 
the disease.122 Despite failed studies of prevention or 
early treatment, great interest remains in the use of 
corticosteroids for the salvage of patients with persistent 
acute lung injury. Although this practice has often been 
regarded as treatment of the fi broproliferative phase, 
histological documentation of this is unusual. 

Several small uncontrolled studies suggest some 
clinical benefi ts of extended therapy with moderate-
dose to high-dose glucocorticoids,123–125 including 
modifi cation of the infl ammatory response.126 
Eventually, a small, prospective randomised crossover 
trial was undertaken, in which patients with acute lung 
injury that had persisted for more than 7 days were 
randomly assigned to placebo and 16 patients with 
the disease randomly assigned to high-dose methyl-
prednisolone.127 Half of the patients assigned to placebo 
crossed over to methylprednisolone treatment because 
of failure to improve their lung injury score by one 
point or more, whereas no patient treated with 
corticosteroids crossed over to placebo. Analysis by 
intention to treat showed a signifi cant reduction in 
mortality; per-protocol analysis showed no survival 
benefi t.128 To reconcile this issue, the largest randomised, 
blinded trial so far of methylprednisolone versus 
placebo has been completed. Preliminary results have 
shown no diff erence in 60-day or 180-day mortality, 
despite improvements in gas exchange, blood pressure, 
and time on ventilator in patients given methyl-
prednisolone.27 Conclusions from this study about the 
value of corticosteroids in late persistent acute lung 
injury will almost certainly be controversial. We do not 
recommend corticosteroids to prevent or treat early 
acute lung injury. Although data that show a survival 
benefi t in the treatment of established acute lung injury 

are scarce, corticosteroids could off er some benefi t 
with respect to gas exchange and haemodynamic 
stability. 

Extracorporeal support 
Extracorporeal membrane oxygenation and CO2 removal 
have been attempted in patients with acute lung injury 
deemed refractory to conventional ventilatory support. 
Use of extracorporeal membrane oxygenation in 
children has been accepted as a useful support 
technology; however, it is rarely used in adults. Clearly, 
extracorporeal membrane oxygenation improves 
oxygenation, and extracorporeal CO2 removal improves 
CO2 clearance, but neither has been shown to improve 
survival or time on ventilation in controlled clinical 
trials.129–132 However, extracorporeal support has not 
conclusively shown outcome benefi ts and has been 
associated with substantial risks (eg, infection, bleeding) 
and costs, therefore, it cannot be recommended.

Fluid management 
Animal and human data suggest that when lung-
capillary permeability increases, lung water accumulates 
to a greater degree than usual at lower pressures of 
pulmonary-artery occlusion.133 Additionally, animal 
studies suggest that reduction of lung water improves 
oxygenation, and lung compliance.134,135 Human trials 
show improved physiological endpoints with various 
diuretic approaches to reduce lung water, including 
diuresis without vascular pressure measurement, 
intravascular pressure-targeted diuresis, and diuresis 
guided by direct measurements of lung water.135–139 
However, abundant data suggest that prompt resus-
citation of haemodynamically unstable patients 
improves outcome, whereas the same resus  citative 
eff orts given later might not be helpful and could be 
harmful.140–143 These resuscitative protocols centre on 
fl uid administration. In both the restrictive and liberal 
fl uid-giving approaches, various endpoints have been 
used as therapeutic targets.

Therefore, does a conservative or liberal approach to 
fl uid therapy alter outcomes, what are the optimum 
targets for resuscitation, and how should they be 
measured? A large randomised clinical trial has 
suggested no benefi t of pulmonary-artery catheter 
insertion in patients with acute lung injury, but this 
trial has received criticism because they did not apply a 
specifi c protocol to guide use of catheter-derived data.144

Vasodilators
Both non-selective (nitroprusside, hydralazine) and semi-
selective (nitric oxide, prostaglandin E1, prostacyclin) 
vasodilators have been tested for the treatment of acute 
lung injury.145,146 Of these compounds, nitric oxide has 
been most widely studied, and like prone positioning, 
results are relatively consistent among studies: 
oxygenation and pulmonary vascular resistance are 
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improved, but those changes do not translate into better 
clinical outcomes.147–152 Based on existing data, routine use 
of nitric oxide or other vasodilators to treat acute re-
spiratory distress syndrome cannot be recom mended.153,154

Weaning from ventilation and other treatments 
For haemodynamically stable patients taking spon-
taneous breaths, who need less than 50% supplemental 
oxygen and less than 8 cm H2O PEEP, no method of 
weaning has been shown to be better than spontaneous 
breathing that is either unassisted or with a minimum 
level of pressure support. If a period of closely observed 
spontaneous breathing is successful,  patients can be 
extubated.155–159

Several other treatments have been used to either 
modify infl ammation or change the mechanical properties 
of the lung with acute injury (panel 4). Unfortunately, 
none of these treatments has so far shown convincing 
improvements in outcomes in large controlled studies. 

Conclusion 
Acute lung injury and acute respiratory distress 
syndrome are common, costly, and potentially lethal 
diseases, for which treatment of the underlying cause is 
the fi rst step to recovery. Prevention of nosocomial 
complications has an important role to achieve the 
optimum outcome. With respect to lung support, the 
only ventilatory practice proven to be benefi cial in a 
large randomised trial is reduction of tidal volume to 6 
mL/kg predicted bodyweight (or lower if needed), to 
achieve a plateau pressure of less than 30 cm H2O. This 
reduced tidal volume is coupled with use of the 
minimum FIO2-PEEP combination that is suffi  cient to 
achieve a saturation of 88–95% or a corresponding PaO2. 
Results from a large randomised study of fl uid 
management suggest that conservative fl uid use 
shortens time on ventilator and in the intensive care 
unit, but does not change survival.181

Confl ict of interest statement
GB and AW have been funded by the US National Institutes of Health, 
National Heart Lung and Blood Institutes ARDS Network. AW has 
been a funded investigator from the US NIH, National Heart, Lung, 
and Blood Institutes ARDS Network.

References
1 Ashbaugh DG, Bigelow DB, Petty TL, et al. Acute respiratory 

distress in adults. Lancet 1967; 2: 319–23.
2 Moss M, Bucher B, Moore FA, Moore EE, Parson PE. The role of 

chronic alcohol abuse in the development of acute respiratory 
distress syndrome in adults. JAMA 1996; 275: 50–54.

3 Marshall RP, Webb S, Hill MR, et al. Genetic polymorphisms 
associated with susceptibility and outcome in ARDS. Chest 2002; 
121: 68–69S.

4 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 J Respir Crit Care Med 1999; 160: 
1843–50. 

5 Zilberberg MD, Epstein SK. Acute lung injury in the medical 
ICU: comorbid conditions, age, etiology, and hospital outcome. 
Am J Respir Crit Care Med 1998; 157: 1159–64. 

6 Eisner M, Thompson T, Hudson L, et al. Effi  cacy of low tidal 
volume ventilation in patients with diff erent clinical risk factors 
for acute lung injury and the acute respiratory distress syndrome. 
Am J Respir Crit Care Med 2001; 164: 231–36. 

7 Luhr OR, Antonsen K, Karlsson M, et al. Incidence and mortality 
after acute respiratory distress syndrome in Sweden, Denmark, 
and Iceland. Am J Respir Crit Care Med 1999; 159: 1849–61. 

8 Gattinoni L, Pelosi P, Suter PM, et al. Acute respiratory distress 
syndrome caused by pulmonary and extrapulmonary disease: 
diff erent syndromes? Am J Respir Crit Care Med 1998; 158: 3–11.

9 Rubenfeld GD, Caldwell E, Granton J, Hudson LD, Matthay MA. 
Interobserver variability in applying a radiographic defi nition for 
ARDS. Chest 1999; 116: 1347–53.

10 Bernard GR, Artigas A, Brigham KL, et al. The American 
European consensus conference on ARDS: defi nitions 
mechanisms, relevant outcomes and clinical trial coordination. 
Am J Respir Crit Care Med 1994; 149: 818–24.

11 Schwartz ML, Albert RK. “Imitators” of the ARDS: implications 
for diagnosis and treatment. Chest 2004; 125: 1530–35. 

12 Bernard GR, Sopko G, Cerra F, et al. Pulmonary artery 
catheterization and clinical outcomes: National Heart, Lung, and 
Blood Institute and Food and Drug Administration Workshop 
Report. Consensus Statement. JAMA 2000; 283: 2568–72.

13 Rizvi K, deBoisblanc BP, Truwit JD, et al. Eff ect of airway pressure 
display on interobserver agreement in the assessment of vascular 
pressures in patients with acute lung injury and acute respiratory 
distress syndrome. Crit Care Med 2005; 33: 98–103.

14 Mangialardi RJ, Martin GS, Bernard GR, et al. Hypoproteinemia 
predicts acute respiratory distress syndrome development, weight 
gain, and death in patients with sepsis. Ibuprofen in Sepsis Study 
Group. Crit Care Med 2000; 28: 3137–45.

15 Martin GS, Mangialardi RJ, Wheeler AP, et al. Albumin and 
furosemide therapy in hypoproteinemic patients with acute lung 
injury. Crit Care Med 2002; 30: 2175–82.

16 Arroliga AC, Ghamra ZW, Perez Trepichio A, et al. Incidence of 
ARDS in an adult population of Northeast Ohio. Chest 2002; 121: 
1972–76. 

17 Thomsen GE, Morris AH. Incidence of the adult respiratory 
distress syndrome in the state of Utah. Am J Respir Crit Care Med 
1995; 152: 965–71. 

18 Goss CH, Brower RG, Hudson LD, et al. Incidence of acute lung 
injury in the United States. Crit Care Med 2003; 31: 1607–11. 

19 Valta P, Uusaro A, Nunes S, et al. Acute respiratory distress 
syndrome; frequency, clinical course and costs of care. 
Crit Care Med 1999; 27: 2367–74.

20 Ely EW, Wheeler AP, Thompson BT, et al. Recovery rate and 
prognosis in older persons who develop acute lung injury and the 
acute respiratory distress syndrome. Ann Intern Med 2002; 136: 
25–36.

21 Heff ner JE, Brown LK, Barbieri CA, et al. Prospective validation 
of an acute respiratory distress syndrome predictive score. 
Am J Respir Crit Care Med 1995; 159: 1849–61.

22 Monchi M, Bellefant F, Cariou A, et al. Early predictive factors of 
survival in the acute respiratory distress syndrome: a multivariate 
analysis. Am J Respir Crit Care Med 1998; 158: 1076–81.

23 Milberg JA, Davis DR, Steinberg KP, et al. Improved survival of 
patients with acute respiratory distress syndrome (ARDS) 
1983–1993, JAMA 1995; 273: 306–09.

Panel 4: Unproven treatments for acute respiratory 
distress syndrome

• Ketoconazole160,161 
• Pentoxyfi lline and lisofylline162,163 
• Nutritional modifi cation164,165

• Antioxidants166,167

• Neutrophil elastase inhibition168 
• Surfactant169–176 
• Liquid ventilation177,178

• β-adrenergic agonists179,180 
• Nitric oxide147–154



Review

www.thelancet.com   Vol 369   May 5, 2007 1561

24 Suchyta MR, Orme JF, Morris AH, The changing face of organ 
failure in ARDS. Chest 2003; 124: 1871–79.

25 McIntyre RC, Pulido EJ, Bensard DD, et al. Thirty years of clinical 
trials in acute respiratory distress syndrome. Crit Care Med 2000; 
28: 3314–31.

26 ARDS Network, Ventilation with lower tidal volumes as 
compared to traditional tidal volumes for acute lung injury and 
the acute respiratory distress syndrome. N Engl J Med 2000; 342: 
1301–08.

27 National Heart, Lung, and Blood Institute Acute Respiratory 
Distress Syndrome (ARDS) Clinical Trials Network. Effi  cacy and 
safety of corticosteroids for persistent acute respiratory distress 
syndrome. N Engl J Med 2006; 354: 1671–84.

28 Suchyta MR, Elliott CG, Jensen Rl, et al. Predicting the presence 
of pulmonary function impairment in adult respiratory distress 
syndrome survivors. Respiration 1993; 60: 103–08.

29 Weinert CR, Goss CR, Kangas JR, et al. Health-related quality of 
life after acute lung injury. Am Rev RespirDis 1987; 156: 1120–26. 

30 Herridge MS, Cheung AM, Tansey CM, et al. The Canadian 
Critical Care Clinical trials group. One-year outcomes of the 
survivors of the acute respiratory distress syndrome. N Engl J Med 
2003; 348: 683–93. 

31 Davidson TA, Caldwell ES, Curtis JR, et al. Reduced quality of life 
in survivors of acute respiratory distress syndrome compared with 
critically ill control patients. JAMA 1999; 281: 354–60. 

32 Hopkins RO, Weaver LK, Pope D, et al. Neuropsychological 
sequelae and impaired health status in survivors of severe acute 
respiratory distress syndrome. Am J Respir Crit Care Med 1999; 
160: 50–56.

33 Idell S. Coagulation, fi brinolysis, and fi brin deposition in acute 
lung injury. Crit Care Med 2003; 31: S213–20. 

34 Gunther A, Mosavi P, Heinemann S. Alveolar fi brin formation 
caused by enhanced procoagulant and depressed fi brinolytic 
capacities in severe pneumonia: comparison with the acute 
respiratory distress syndrome. Am J Respir Crit Care Med 2000; 
161: 454–62.

35 Matthay MA, Ware LB. Plasma protein C levels in patients with 
acute lung injury: prognostic signifi cance. Crit Care Med 2004; 32: 
S229–32.

36 Gattinoni L, Bombino M, Pelosi P, et al. Lung structure and 
function at diff erent stages of severe adult respiratory distress 
syndrome. JAMA 1994; 271: 1772–79.

37 Antonelli M, Conti G, Rocco M, et al. A comparison of 
noninvasive mechanical ventilation in patients with acute 
respiratory failure. N Engl J Med 1998; 339: 429–35. 

38 Kramer N, Meyer TJ, Meharg J, et al. Randomized prospective 
trial of noninvasive positive pressure ventilation in acute 
respiratory failure. Am J Respir Crit Care Med 1995; 151: 1799–806.

39 Attia J, Ray JG, Cook DJ, et al. Deep vein thrombosis and its 
prevention in critically ill adults. Arch Intern Med 2001; 161: 1268–79. 

40 Cook DJ, Meade MO, Hand L, et al. Semirecumbency for 
pneumonia prevention: a developmental model for changing 
clinician behavior. Crit Care Med 2002; 30: 1472–77.

41 Rice T, Swope T, Bozeman S, Wheeler AP. Variation in enteral 
nutrition delivery in mechanically ventilated patients. Nutrition 
2005; 21: 786–92.

42 O’Grady NP, Alexander M, Dellinger EP, Guidelines for the 
prevention of intravascular catheter-related infections. Centers for 
Disease Control and Prevention. MMWR Morb Mortal Wkly Rep 
2002; 51: 1–29.

43 Kress JP, Pohlman AS, O’Conner MF, et al. Daily interruption of 
sedative infusions in critically ill patients undergoing mechanical 
ventilation. N Engl J Med 2000; 342: 1471–77.

44 van den Berghe G, Wouters P, Weekers F, et al. Intensive insulin 
therapy in the critically ill patients. N Engl J Med 2001; 345: 
1359–67. 

45 Petty TL. Acute respiratory distress syndrome (ARDS). Dis Mon 
1990; 36: 1–58.

46 Brochard L, Lemaire F. Tidal volume, positive end expiratory 
pressure and mortality in acute respiratory distress syndrome. 
Crit Care Med 1999; 27: 1661–63.

47 Weg JG, Anzuetto A, Balk RA, et al. The relation of pneumothorax 
and other air leaks to mortality in the acute respiratory distress 
syndrome. N Engl J Med 1998; 338: 341–46. 

48 Pontoppidan H, Geff en B, Lowenstein E. Acute respiratory failure 
in the adult. N Engl J Med 1972; 287: 799–806.

49 Wang BM, Pierson DJ, Caldwell ES, at al. Initial tidal volume in 
ARDS patients: changes from 1983–85 to 1994–95. 
Am J Respir Crit Care Med 1996; 154: A392.

50 Carmichael LC, Dorinsky PM, Higgins S, et al. Diagnosis and 
therapy of adult respiratory distress syndrome: an international 
survey. J Crit Care 1996; 11: 9–18.

51 Shapiro BA, Cane RD, Harrison RA. Positive end expiratory 
pressure therapy in adults with special reference to acute lung 
injury: a review of the literature and suggested clinical 
correlations. Crit Care Med 1984; 12: 127–41.

52 Esteban A, Anzueto A, Frutos F, et al. Characteristics and 
outcomes in adult patients receiving mechanical ventilation: a 
28 day international study. JAMA 2002; 287: 345–55.

53 Esteban A, Anzueto A, Alia I, et al. How is mechanical ventilation 
employed in the intensive care unit? An international utilization 
review. Am J Respir Crit Care Med 2000; 161: 1450–58. 

54 Meade MO, Jacka MJ, Cook DJ, et al. Survey of interventions for 
the prevention and treatment of acute respiratory distress 
syndrome. Crit Care Med 2004; 32: 946–54.

55 Gattinoni L, Presenti A, Avalli L. Pressure volume curve of 
the total respiratory system in acute respiratory failures: 
computed tomographic scan study. Am Rev Respir Dis 1987; 136: 
730–36. 

56 Gattinoni L, Presenti A, Bombino M, et al. Relationships between 
lung CT density, gas exchange, and PEEP in acute respiratory 
failure. Anesthesiology 1998; 69: 824–32. 

57 Maunder RJ, Shuman WP, McHugh JW, et al. Preservation of 
normal lung regions in the adult respiratory distress syndrome: 
analysis by computed tomography. JAMA 1986; 255: 2463–65.

58 Webb HH, Tierney DF. Experimental pulmonary edema due to 
intermittent positive pressure ventilation with high infl ation 
pressures: protection by positive end-expiratory pressure. 
Am Rev Respir Dis 1974; 110: 556–65. 

59 Kolobow T, Moretti MP, Fumagalli R, et al. Severe impairment in 
lung function induced by high peak airway pressure during 
mechanical ventilation: an experimental study. Am Rev Respir Dis 
1987; 35: 312–15. 

60 Tsuno K, Prato P, Kolobow T. Acute lung injury from mechanical 
ventilation at moderately high airway pressures. J Appl Physiol 
1990; 69: 956–61. 

61 Tremblay L, Valenza F, Riberio SP, et al. Injurious ventilation 
strategies increase cytokines and c-fos m-RNA expression in an 
isolated rat lung model. J Clin Invest 1997; 99: 944–52.

62 Dube DS Infl uence of overweight on ICU mortality: a prospective 
study. Chest 2005; 127: 683. 

63 Gajic O, Dara SI, Mendez JL, et.al. Ventilator associated lung 
injury in patients without acute lung injury at the onset of 
mechanical ventilation. Crit Care Med 2004; 32: 1817–24.

64 Frank JA, Gutierrez JA, Jones KD, et al. Low tidal volume reduces 
epithelial and endothelial injury in acid-injured rat lungs. 
Am J Respir Crit Care Med 2002; 165: 242–49. 

65 Hickling KG, Henderson SJ, Jackson R. Low mortality associated 
with low volume pressure limited ventilation with permissive 
hypercapnia in severe adult respiratory distress syndrome. 
Intensive Care 1990; 16: 372–77. 

66 Hickling KG, Walsh J, Henderson S, et al. Low mortality rate in 
adult respiratory distress syndrome using low volume, pressure 
limited ventilation with permissive hypercapnia: a prospective 
study. Crit Care Med 1994; 22: 1568–78.

67 Stewart TE, Meade MO, Cook DJ, et al. Evaluation of a ventilation 
strategy to prevent barotrauma in acute respiratory distress 
syndrome: pressure and volume limited strategy group. 
N Engl J Med 1998; 338: 355–61. 

68 Brocahrd L, Roudot-Throval F, Roupie E, et al. Tidal volume 
reduction for prevention of ventilator induced lung in acute 
respiratory distress syndrome: the multi-center trial group on 
tidal volume reduction in ARDS. Am J Respir Crit Care Med 1998; 
158: 1831–38.

69 Brower RG, Shanholtz CB, Fessler HE, et al. Prospective 
randomized controlled clinical trial comparing traditional versus 
reduced tidal volume ventilation in acute respiratory distress 
syndrome. Crit Care Med 1999; 27: 1492–98.



Review

1562 www.thelancet.com   Vol 369   May 5, 2007

70 Amato MB, Barbas CS, Medeiros DM, et al. Eff ect of a protective 
ventilation strategy on mortality of the acute respiratory distress 
syndrome. N Engl J Med 1998; 338: 347–54.

71 Raneri VM, Suter PM, Tortorella C, et al. Eff ect of mechanical 
ventilation on infl ammatory mediators in patients with acute 
respiratory distress syndrome: a randomized controlled trial. JAMA 
1999; 282: 54–61. 

72 Parsons PE, Eisner MD, Thompson BT, et al. Lower tidal volume 
ventilation and plasma cytokine markers of infl ammation in 
patients with acute lung injury. Crit Care Med 2005; 33: 1–6.

73 Ricard JD. Are we really reducing tidal volume and should we? 
Am J Respir Crit Care Med 2003; 167: 1297–98. 

74 Stewart T. Controversies around lung protective mechanical 
ventilation. Am J Respir Crit Care Med 2002; 166: 1510–14. 

75 Carmichael LC. Tidal volumes in ARDS and meta-analysis. 
Am J Respir Crit Care Med 2002; 167: 933–34. 

76 Petty TL. Tidal volumes in ARDS and meta-analysis. 
Am J Respir Crit Care Med 2002; 167: 933–34. 

77 Brower RG, Matthay MA, Schoenfeld D. Meta-analysis of acute lung 
injury and acute respiratory distress syndrome trials. 
Am J Respir Crit Care Med 2002; 166: 1515–17.

78 Eichacker PQ, Gerstenberger EP, Banks SM, et al. Meta-analysis of 
acute lung injury and acute respiratory distress syndrome trials 
testing low tidal volumes. Am J Respir Crit Care Med 2002; 166: 
1510–14.

79 Tobin MJ, Culmination of an era in research on the acute respiratory 
distress syndrome. N Engl J Med 2000; 342: 1360-61.

80 De Durante G, Del Turco M, Rustichini L, et al. ARDSNet lower tidal 
volume ventilatory strategy may generate intrinsic positive end 
expiatory pressure in patients with acute respiratory distress 
syndrome. Am J Respir Crit Care Med 2002; 165: 1271–74. 

81 Patroniti N, Pesenti A. Low tidal volume, high respiratory rate and 
auto-PEEP: the importance of the basics. Crit Care Med 2003; 7: 
105–06. 

82 Thompson BT, Hayden D, Matthay MA, et al. Clinicians’ approaches 
to mechanical ventilation in acute lung injury and ARDS. Chest 
2001; 120: 1622–27. 

83 Rubenfeld GD, Cooper C, Carter G, et al. Barriers to providing lung 
protective ventilation to patients with acute lung injury. 
Crit Care Med 2004; 32: 1289–93. 

84 Weinert CR, Gross CR, Marinelli WA. Impact of randomized trial 
results on acute lung injury ventilator therapy in teaching hospitals. 
Am J Respir Crit Care Med 2003; 167: 1304–09.

85 Young MP, Manning HL, Wilson DL, et al. Ventilation of patients 
with acute lung injury and acute respiratory distress syndrome: has 
new evidence changed clinical practice? Crit Care Med 2004; 32: 
1260–65. 

86 Wongsurakiat P, Pierson DJ, Rubenfeld GD. Changing pattern of 
ventilator settings in patients without acute lung injury: changes 
over 11 years in a single institution. Chest 2004; 126: 1281–91. 

87 Brower R, Eff ects of tidal volume reduction in acute lung injury 
(ALI) patients with inspiratory plateau pressures <32 cm H2O before 
tidal volume reduction. Am J Respir Crit Care Med 2003; 167: A616.

88 Hough CL, Kallet RH, Ranieri VM, et al. Intrinsic positive end 
expiratory pressure in ARDS network subjects. Crit Care Med 2005; 
33: 527–32.

89 ARDS Network. Higher versus lower positive end expiratory 
pressures in patients with acute respiratory distress syndrome. 
N Engl J Med 2004; 351: 327–36.

90 Cheng IW, Eisner MD, Thompson BT, et al. Acute eff ects of tidal 
volume strategy on hemodynamics, fl uid balance and sedation in 
acute lung injury. Crit Care Med 2005; 33: 63–70. 

91 Lessard MR, Guerot E, Lorino H, Lemaire F, Brochard L. Eff ects of 
pressure-controlled with diff erent I:E ratios versus volume-
controlled ventilation on respiratory mechanics, gas exchange, and 
hemodynamics in patients with adult respiratory distress syndrome. 
Anesthesiology 1994; 80: 983–91.

92 Rasanen J, Cane RD, Downs JB, et al. Airway pressure release 
ventilation during acute lung injury: a prospective multicenter trial. 
Crit Care Med 1991; 19: 1234–41. 

93 Derdak S, Mehta S, Stewart T, et al. High frequency oscillatory 
ventilation of r acute respiratory distress syndrome in adults: a 
randomized controlled clinical trial. Am J Respir Crit Care Med 2002; 
166: 801–08. 

94 Ferguson ND, Chiche J-D, Kacmarek RM, et al, Combining high 
frequency oscillatory ventilation and recruitment maneuvers in 
adults with early acute respiratory distress syndrome: the 
treatment with oscillation and an open lung strategy (TOOLS) 
trial pilot study. Crit Care Med 2005; 33: 479–86.

95 Mehta S, Lapinsky SE, Hallett DC, et al. A prospective trial of high 
frequency oscillatory ventilation in adults with acute respiratory 
distress syndrome. Crit Care Med 2001; 29: 1360–69.

96 Falke KJ, Pontpoppidian H, Kumar A, et al. Ventilation with end 
expiratory pressure in acute lung disease. J Clin Invest 1972; 51: 
2315–23. 

97 Bo G, Hauge A, Nicolaysen G. Alveolar pressure and lung volume 
as determinants of net transvascular fl uid fi ltration. J Appl Physiol 
1977; 42: 476–82.

98 Jardin F, Delorme G, Hardy A, et al. Reevaluation of 
hemodynamic consequences of positive pressure ventilation 
emphasis on cyclic right ventricular afterloading by mechanical 
lung infl ation. Anesthesiology 1990; 72: 966–70.

99 Pepe PE, Hudson LD, Carrico JC. Early application of positive 
end-expiratory pressure in patients at risk of adult respiratory 
distress syndrome. N Engl J Med 1984; 311: 281–86.

100 Foti G, Cereda M, Sparacino, et al. Eff ects of periodic lung 
recruitment maneuvers on gas exchange and respiratory 
mechanics in mechanically ventilated acute respiratory distress 
syndrome (ARDS) patients. Intensive Care Med 2000; 26: 501–07. 

101 Grasso S, Mascia L, Del Turco M, et al. Eff ects of recruiting 
maneuvers in patients with acute respiratory distress syndrome 
ventilated with protective ventilatory strategy. Anesthesiology 2002; 
96: 795–802.

102 Crotti S, Mascheroni D, Caironi P, et al. Recruitment and 
derecruitment during acute respiratory failure: a clinical study. 
Am J Respir Crit Care Med 2001; 164: 131–40. 

103 Johannigman JA, Miller Sl, Davis BR, et al. Infl uence of low tidal 
volumes on gas exchange in acute respiratory distress syndrome 
and the role of recruitment maneuvers. J Trauma 2003; 54: 
320–25. 

104 Lapinsky SE, Aubin M, Mehta S, et al. Safety and effi  cacy of a 
sustained infl ation for alveolar recruitment in adults with 
respiratory failure. Intensive Care Med 1999; 25: 1297–1301. 

105 Villagra A, Ochagavia A, Vatua, et al. Recruitment maneuvers 
during lung protective ventilation in acute respiratory distress 
syndrome. Am J Respir Crit Care Med 2002; 15: 165–70.

106 Brower RG, Morris AH, MacIntyre N, et al, The ARDS Clinical 
Trials Network. Eff ects of recruitment maneuvers in patients with 
acute lung injury and acute respiratory distress syndrome 
ventilated with high end expiratory pressure. Crit Care Med 2003; 
31: 2592–97.

107 Lamm WJ, Graham MM, Albert RK. Mechanism by which the 
prone position improves oxygenation in acute lung injury. 
Am J Respir Crit Care Med 1994; 150: 184–93.

108 Douglas WW, Rehder K, Froukje MB. Improved oxygenation in 
patients with acute respiratory failure: the prone position. 
Am Rev Respir Dis 1977; 115: 550–66.

109 Chatte G, Sab JM, Dubois JM. Prone position in mechanically 
ventilated patients with severe acute respiratory failure. 
Am J Respir Crit Care Med 1997; 155: 473–78. 

110 Pelosi P, Tubiolo D, Mascheroni D, et al. Eff ects of prone position 
on respiratory mechanics and gas exchange during acute lung 
injury. Am J Respir Crit Care Med 1998; 157: 387–93.

111 Messerole E, Peine P, Wittkop S, et al. The pragmatics of prone 
positioning. Am J Respir Crit Care Med 2002; 165: 1359–63. 

112 Nakos G, Tsangaris I, Kostanti E, et al. Eff ect of prone position on 
patients with hydrostatic pulmonary edema compared with 
patients with acute respiratory distress syndrome and pulmonary 
fi brosis. Am J Respir Crit Care Med 2000; 161: 360–68. 

113 Mancebo J, Rialp G, Fernandez R, et al. Randomized multicenter 
trial in ARDS: supine versus prone position. Intensive Care Med 
2003; 29: S64. 

114 Gattinoni L. Tognoni G, Presenti A, et al. Eff ect of prone 
positioning on the survival of patients with acute respiratory 
failure. N Engl J Med 2001; 345: 568–73.

115 Stocker R, Neff  T, Stein S, et al. Prone positioning and low-
volume pressure-limited ventilation improve survival in patients 
with severe ARDS. Chest 1997; 111: 1008–17. 



Review

www.thelancet.com   Vol 369   May 5, 2007 1563

116 Guerin C, Gaillard S, Lemasson S, et al. Eff ects of systematic 
prone positioning in hypoxemic acute respiratory failure. JAMA 
2004; 292: 2379–87. 

117 Montgomery AB, Stager MA, Carrico CJ, et al. Causes of mortality 
in patients with the adult respiratory distress syndrome. 
Am Rev Respir Dis 1985; 132: 485–89.

118 Luce JM, Montgomery AB, Marks JD, et al. Ineff ectiveness of high 
dose methylprednisilone in preventing parenchymal lung injury 
and improving mortality in patients with septic shock. 
Am Rev Respir Dis 1988; 138: 62–68. 

119 Bone RC, Fisher CJ, Klemmer TP, et al. Methylprednisilone 
severe sepsis study group early methylprednisilone treatment for 
septic syndrome and the adult respiratory distress syndrome. 
Chest 1987; 92: 1032–36. 

120 Sprung CL, Carlais PV, Marcial EH, et al. The eff ect of high dose 
corticosteroids in patients with septic shock. N Engl J Med 1984; 
311: 1137–43. 

121 Weigelt JA, Norcross JF, Borman KR, et al. Early steroid therapy 
for respiratory failure. Arch Surg 1985; 120: 536–40.

122 Bernard GR, Luce JM, Sprung CL, et al. High dose corticosteroids 
in patients with the adult respiratory distress syndrome. 
N Engl J Med 1987; 317: 1565–70.

123 Ashbaugh DG, Maier RV, Idiopathic pulmonary fi brosis in adult 
respiratory distress syndrome. Diagnosis and treatment. 
Arch Surg 1985; 120: 530–35.

124 Hooper RG, Kearl RA, Established ARDS treated with a sustained 
course of adrenocorticosteroids. Chest 1990; 97: 138–43. 

125 Meduri GU, Belenchia JM, Estes RJ, et al. Fibroproliferative phase 
of ARDS: clinical fi ndings and eff ects of corticosteroids. Chest 
1991; 100: 943–52. 

126 Meduri GU, Chinn AJ, Leeper KV, et al. Corticosteroid rescue 
treatment of progressive fi broproliferation in late ARDS 
patterns of response and predictors of outcome. Chest 1994; 105: 
1516–27.

127 Meduri GU, Headley AS, Golden E, et al. Eff ect of prolonged 
methylprednisilone therapy in unresolving acute respiratory 
distress: a randomized controlled trial. JAMA 1998; 280: 
159–65.

128 Wheeler AP, Bernard GR, Schoenfeld D, Steinberg K. 
Methylprednisilone for unresolving ARDS. JAMA 1998; 280: 2074.

129 Zapol WM, Snider MT, Hill JD, et al. Extracorporeal membrane 
oxygenation in severe acute respiratory failure: a randomized 
prospective study. JAMA 1979; 242: 2193–96. 

130 Gattinoni L, Presenti A, Mascheroni D, et al. Low frequency 
positive pressure ventilation with extracorporeal CO2 removal in 
severe acute respiratory failure. JAMA 1986; 256: 881–86.

131 Brunet F, Belghith M, Mira JP, et al. Extracorporeal carbon 
dioxide removal and low frequency positive pressure ventilation: 
improvement in arterial oxygenation with reduction of risk of 
pulmonary barotrauma in patients with adult respiratory distress 
syndrome. Chest 1993; 104: 889–98. 

132 Morris AH, Wallace CJ, Menlove Rl, et al. Randomized clinical 
trial of pressure controlled inverse ratio ventilation and 
extracorporeal CO2 removal for acute respiratory distress 
syndrome. Am J Respir Crit Care Med 1994; 149: 295–305.

133 Brigham KL, Woolverton WC, Blake LH, et al. Increased sheep 
lung vascular permeability caused by Pseudomonas bacteremia. 
J Clin Invest 1974; 54: 559–64.

134 Matthay MA, Broaddus CV. Fluid and hemodynamic 
management in acute lung injury. Semin Respir Crit Care Med 
1994; 15: 271–88.

135 Humphrey H, Hall J, Sznajder I, et al. Improved survival in 
ARDS patients associated with a reduction in pulmonary capillary 
wedge pressure. Chest 1990; 97: 1176–80.

136 Mitchell JP, Schuller D, Calandrino FS, et al. Improved outcome 
based on fl uid management in critically ill patients requiring 
pulmonary artery catheterization. Am Rev Respir Dis 1992; 145: 
990–98. 

137 Bone RC. Treatment of the adult respiratory distress syndrome 
with diuretics, dialysis and positive end expiratory pressure. 
Crit Care Med 1978; 6: 136–39. 

138 Davey-Quinn A, Gedney JA, Whiteley SM, et al. Extravascular 
lung water and acute respiratory distress syndrome—oxygenation 
and outcome. Anaesth Intensive Care 1999; 27: 357–62. 

139 Eisenberg PR, Hansbrough JR, Anderson D, et al. A prospective 
study of lung water measurements during patient management in 
an intensive care unit. Am Rev Respir Dis 1987; 136: 662–68.

140 Shoemaker WC, Appel PL, Kram HB, et al. Prospective trial of 
supranormal values of survivors as therapeutic goals in high risk 
surgical patients. Chest 1988; 94: 1176–86. 

141 Hayes MA, Timmins AC, Yau EH, et al. Elevation of systemic 
oxygen delivery in the treatment of critically ill patients. 
N Engl J Med 1994; 330: 1717–22. 

142 Yu M, Levy MM, Smith P, et al. Eff ect of maximizing oxygen 
delivery on morbidity and mortality rates in critically ill patients: a 
prospective, randomized, controlled study. Crit Care Med 1993; 21: 
830–38. 

143 Rivers E, Nguyen B, Havstad S, et al. Early goal-directed therapy 
in the treatment of severe sepsis and septic shock. N Engl J Med 
2001; 345: 1368–77.

144 Richard C, Waraszawski J, Anguel N, et al. Early use of the 
pulmonary artery catheter and outcomes in patients with shock 
and respiratory distress syndrome. JAMA 2003; 290: 2713–20.

145 Abraham E, Baughman R, Fletcher E, et al. Liposomal 
prostaglandin E1 (TLC C-C53) in acute respiratory distress 
syndrome: a controlled randomized double blind multicenter 
clinical trial. Crit Care Med 1999; 27: 1478–85. 

146 Radermacher P, Santak B, Wust HJ, et al. Prostacyclin for the 
treatment of pulmonary hypertension in the adult respiratory 
distress syndrome: eff ects on pulmonary capillary pressure and 
ventilation perfusion distributions. Anesthesiology 1990; 72: 238–44.

147 Adhikari N, Granton JT. Inhaled nitric oxide for acute lung injury. 
JAMA 2004; 291: 1629–31. 

148 Taylor RW, Zimmerman JL, Dellinger RP, et al. Low dose inhaled 
nitric oxide in patients with acute lung injury: a randomized 
controlled trial. JAMA 2004; 291: 1603–09. 

149 Dellinger RP. Inhaled nitric oxide and prone positioning in acute 
respiratory distress syndrome. Crit Care Med 2000; 28: 572–74. 

150 Dellinger RP Zimmerman JL, Taylor RW, et al. Eff ects of inhaled 
nitric oxide in patients with acute respiratory distress syndrome. 
Results of a randomized phase II trial. Crit Care Med 1998; 26: 
15–23. 

151 Lundin S, Mang H, Smithies M, et al. European study group of 
inhaled nitric oxide. Inhalation of nitric oxide in acute lung 
injury: results of a European Multicenter study. Intensive Care Med 
1999; 25: 911–19.

152 Troncy E, Collet JP, Shapiro S, et al. Inhaled nitric oxide in acute 
respiratory distress syndrome. A pilot randomized controlled 
study. Am J Respir Crit Care Med 1998; 157: 1483–88. 

153 Matthay MA, Pittet J-F, Jayr C. Just say NO to inhaled nitric oxide 
for acute respiratory distress syndrome. Crit Care Med 1998; 26: 
1–2. 

154 Dellinger RP. Inhaled nitric oxide in acute lung injury and acute 
respiratory distress syndrome: inability to translate physiologic 
benefi t to clinical outcome benefi t in adult clinical trials. 
Intensive Care Med 1999; 25: 881–83.

155 Brochard L, Rauss A, Benito S, et al. Comparison of three 
methods of gradual withdrawal from ventilatory support during 
weaning from mechanical ventilation. Am J Respir Crit Care Med 
1994; 150: 896–03. 

156 Ely EW, Baker AM, Dunagan DP, et al. Eff ect on the duration of 
mechanical ventilation of identifying patients capable of breathing 
spontaneously. N Engl J Med 1996; 335: 1864–69.

157 Esteban A, Frutos F, Tobin MJ, et al. A comparison of four 
methods of weaning patients from mechanical ventilation. 
N Engl J Med 1995; 332: 345–50.

158 Kollef MH, Shapiro SD, Silver P, et al. A randomized controlled 
trial of protocol directed vs physician directed weaning from 
mechanical ventilation. Crit Care Med 1997; 25: 567–74.

159 Marelich GP, Murin S, Battistella F, et al. Protocol weaning of 
mechanical ventilation in medical and surgical patients by 
respiratory care practioneers and nurses: eff ect on weaning time 
and incidence of ventilator associated pneumonia. Chest 2000; 
118: 459–65.

160 Yu M, Tomasa G. A double blind prospective randomized trial of 
ketoconazole, a thromboxane synthetase inhibitor, in the 
prophylaxis of adult respiratory distress syndrome. Crit Care Med 
1993; 21: 1635–42. 



Review

1564 www.thelancet.com   Vol 369   May 5, 2007

161 NIH ARDS Network. Ketoconazole for early treatment of acute 
lung injury and acute respiratory distress syndrome. A 
randomized controlled trial. JAMA 2000; 283: 1995–2002.

162 The Acute Respiratory Disease Syndrome Network. Randomized 
controlled placebo controlled trial of lisofylline for early treatment 
of acute lung injury and acute respiratory distress syndrome. 
Crit Care Med 2002; 30: 1–6. 

163 Montravers P, Fagon JY, Gilbert C, et al. Pilot study of 
cardiopulmonary risk from pentoxyfylline in adult respiratory 
distress syndrome. Chest 1993; 103: 1017–20.

164 Gadek J, DeMichele SJ, Karlstad MD, et al. Eff ect of enteral 
feeding with eicosapentaenoic acid, gamma-linolenic acid and 
antioxidants in patients with acute respiratory distress syndrome. 
Crit Care Med 1999; 27: 1409–20.

165 Pacht ER, DeMichele SJ, Nelson JL. Enteral nutrition with 
eicosapentaenoic acid, gamma-linolenic acid, and antioxidants 
reduces alveolar infl ammatory mediators and protein infl ux in 
patients with acute respiratory distress syndrome. Crit Care Med 
2003; 31: 491–500.

166 Jepsen S, Herlevsen P, Knudsen P, et al. Antioxidant treatment 
with n-acetylcyesteine during adult respiratory distress syndrome: 
a prospective randomized placebo controlled study. Crit Care Med 
1992; 20: 819–923.

167 Bernard GR, Wheeler AP, Arons MA, et al. A trial of 
n-acetylcyesteine and pro-cysteine in ARDS. The antioxidant in 
ARDS study group. Chest 1997; 112: 164–72.

168 Zeiher BG, Artigas A, Vincent JL, et al. Neutrophil elastase 
inhibition in acute lung injury: results of the strive study. 
Crit Care Med 2004; 32: 1695–1702.

169 Anzueto A, Baughman RP, Guntupalli KK, et al. Aerosolized 
surfactant in adults with sepsis induced acute respiratory distress 
syndrome. N Engl J Med 1996; 334: 1417–21.

170 Spragg RG, Lewis JF, Walmrath HD, et al. Eff ect of recombinant 
surfactant protein C based surfactant on the acute respiratory 
distress syndrome. N Engl J Med 2004; 351: 884–92.

171 Spragg RG, Lewis JF, Wurst W, et al. Treatment of acute 
respiratory distress syndrome with recombinant surfactant 
protein C surfactant. Am J Respir Crit Care Med 2003; 167: 
1562–66. 

172 Walmrath D, Grimminger F, Pappert D, et al. Bronchoscopic 
administration of bovine natural surfactant in ARDS and septic 
shock: impact on gas exchange and haemodynamics. Eur Respir J 
2002; 19: 805–10.

173 Weg JG, Balk RA, Tharratt RS, et al. Safety and potential effi  cacy 
of an aerosolized surfactant in human sepsis-induced adult 
respiratory distress syndrome. JAMA 1994; 272: 1433–38.

174 Walmrath D, Gunther A, Ghofrani HA, et al. Bronchoscopic 
surfactant administration in patients with severe adult respiratory 
distress syndrome and sepsis. Am J Respir Crit Care Med 1996; 
154: 57–62.

175 Spragg RG, Gilliard N, Richman P, et al. Acute eff ects of a single 
dose of porcine surfactant on patients with the adult respiratory 
distress syndrome. Chest 1994; 105: 195–202. 

176 Wiswell TE, Smith RM, Katz LB, et al. Bronchopulmonary 
segmental lavage with Surfaxin (KL(4)-surfactant) for acute 
respiratory distress syndrome. Am J Respir Crit Care Med 1999; 
160: 1188–95.

177 Hirshl RB, Pranikoff  T, Wise C, et al. Initial experience with 
partial liquid ventilation in adults patients with the acute 
respiratory distress syndrome. JAMA 1996; 275: 383–89.

178 Hirshl RB, Croce M, Gore D, et al. Prospective, randomized, 
controlled pilot study of partial liquid ventilation in acute 
respiratory distress syndrome. Am J Respir Crit Care Med 2002; 
165: 781–87.

179 Ware LB, Matthay MA. Alveolar fl uid clearance is impaired in the 
majority of patients with acute lung injury and acute respiratory 
distress syndrome. Am J Respir Crit Care Med 2001; 163: 1376–83. 

180 Wright PE, Carmichael LC, Bernard GR. Eff ect of bronchodilators 
on lung mechanics in the acute respiratory distress syndrome 
(ARDS). Chest 1994; 106: 1517–23.

181 National Heart, Lung, and Blood Institute Acute Respiratory 
Distress Syndrome (ARDS) Clinical Trials Network. Comparison 
of two fl uid-management strategies in acute lung injury. 
N Engl J Med 2006; 354: 2564–75. Epub 2006 May 21.



 
 
 
 
 
 
 
 
 
 
 
 
 
 
INCLUSION CRITERIA: Acute onset of 
1. PaO2/FiO2 ! 300 (corrected for altitude) 
2. Bilateral (patchy, diffuse, or homogeneous) infiltrates consistent with 

pulmonary edema 
3. No clinical evidence of left atrial hypertension 
 
PART I: VENTILATOR SETUP AND ADJUSTMENT 
1. Calculate predicted body weight (PBW) 

Males = 50 + 2.3 [height (inches) - 60] 
Females = 45.5 + 2.3 [height (inches) -60] 

2. Select any ventilator mode 
3. Set ventilator settings to achieve initial VT = 8 ml/kg PBW 
4. Reduce VT by 1 ml/kg at intervals ! 2 hours until VT = 6ml/kg PBW. 
5. Set initial rate to approximate baseline minute ventilation (not > 35 

bpm). 
6. Adjust VT and RR to achieve pH and plateau pressure goals below. 
 
 
 
 

         AARRDDSSnneett OXYGENATION GOAL: PaO2 55-80 mmHg or SpO2 88-95% 
Use a minimum PEEP of 5 cm H2O. Consider use of incremental FiO2/PEEP 
combinations such as shown below (not required) to achieve goal.  
 
Lower PEEP/higher FiO2 

 

FiO2 0.3 0.4 0.4 0.5 0.5 0.6 0.7 0.7 
PEEP 5 5 8 8 10 10 10 12 
 

NIH NHLBI ARDS Clinical Network FiO2 0.7 0.8 0.9 0.9 0.9 1.0 
PEEP 14 14 14 16 18 18-24 Mechanical Ventilation Protocol Summary 
 
Higher PEEP/lower FiO2 
FiO2 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.5 
PEEP 5 8 10 12 14 14 16 16 
 
FiO2 0.5 0.5-0.8 0.8 0.9 1.0 1.0 
PEEP 18 20 22 22 22 24 
 

 
__________________________________________________________ 
PLATEAU PRESSURE GOAL: ! 30 cm H2O 
Check Pplat (0.5 second inspiratory pause), at least q 4h and after each 
change in PEEP or VT. 
If Pplat > 30 cm H2O: decrease VT by 1ml/kg steps (minimum = 4 
ml/kg). 
If Pplat < 25 cm H2O and VT< 6 ml/kg, increase VT by 1 ml/kg until 
Pplat > 25 cm H2O or VT = 6 ml/kg. 
If Pplat < 30 and breath stacking or dys-synchrony occurs: may 
increase VT in 1ml/kg increments to 7 or 8 ml/kg if Pplat remains < 30 cm 
H2O. 
 
 



 
 
 
_____________________________________________________________ 
pH GOAL: 7.30-7.45 
Acidosis Management: (pH < 7.30) 

If pH 7.15-7.30: Increase RR until pH > 7.30 or PaCO2 < 25  
(Maximum set RR = 35). 
. 

If pH < 7.15: Increase RR to 35. 
If pH remains < 7.15, VT may be increased in 1 ml/kg steps until pH > 
7.15 (Pplat target of 30 may be exceeded). 
May give NaHCO3

Alkalosis Management: (pH > 7.45) Decrease vent rate if possible. 
______________________________________________________ 

I: E RATIO GOAL: Recommend that duration of inspiration be < 
duration of expiration. 

 
 
PART II: WEANING 

A. Conduct a SPONTANEOUS BREATHING TRIAL daily when: 
1. FiO2 ! 0.40 and PEEP ! 8 OR FiO2 < 0.50 and PEEP < 5. 
2. PEEP and FiO2 ! values of previous day. 
3. Patient has acceptable spontaneous breathing efforts. (May 

decrease vent rate by 50% for 5 minutes to detect effort.) 
4. Systolic BP " 90 mmHg without vasopressor support. 
5. No neuromuscular blocking agents or blockade. 

 
 
 
 
 
 
 

 
 

B. SPONTANEOUS BREATHING TRIAL (SBT): 
If all above criteria are met and subject has been in the study for 
at least 12 hours, initiate a trial of UP TO 120 minutes of 
spontaneous breathing with FiO2 < 0.5 and PEEP < 5: 

1. Place on T-piece, trach collar, or CPAP ! 5 cm H2O with PS < 5  
2. Assess for tolerance as below for up to two hours. 

a.  SpO2 " 90: and/or PaO2 " 60 mmHg 
b.  Spontaneous VT " 4 ml/kg PBW 
c. RR ! 35/min 
d.  pH " 7.3 
e.  No respiratory distress (distress= 2 or more) 

! HR > 120% of baseline 
! Marked accessory muscle use 
! Abdominal paradox 
! Diaphoresis 
! Marked dyspnea 

3. If tolerated for at least 30 minutes, consider extubation. 
4. If not tolerated resume pre-weaning settings. 
 
 
 

 
 

 
 

 

Definition of UNASSISTED BREATHING
(Different from the spontaneous breathing 

criteria as PS is not allowed) 
 

1. Extubated with face mask, nasal prong oxygen, or 
room air, OR 

2. T-tube breathing, OR 
3. Tracheostomy mask breathing, OR 
4. CPAP less than or equal to 5 cm H20 without 

pressure support or IMV assistance. 
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