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Severe respiratory failure (in-
cluding acute lung injury [ALI]
and acute respiratory distress
syndrome [ARDS]) is charac-

terized by a profound deterioration in
systemic oxygenation or ventilation, or
both, despite supportive respiratory ther-
apy. ARDS is an acute and progressive
respiratory disease of a non-cardiac na-
ture in association with progressively dif-
fuse, bilateral pulmonary infiltrates visi-
ble on a chest radiograph, reduced
pulmonary compliance, and hypoxemia
(1).

The American-European Consensus
Conference on ARDS in 1994 defined ALI
as “a syndrome of inflammation and in-
creased permeability that is associated
with a constellation of clinical, radio-
logic, and physiologic abnormalities that
cannot be explained by, but may coexist
with, left atrial or pulmonary capillary
hypertension” (2). The clinical criteria for

ALI include the following: acute onset of
pulmonary failure, hypoxia with a PaO2/
FIO2 ratio 300 mm Hg, bilateral chest
infiltrates visible on a chest radiograph,
and a pulmonary artery occlusion pres-
sure 18 mm Hg or no clinical evidence of
increased left atrial pressure. ARDS is de-
fined as a more severe form of ALI with
the same criteria, except the ratio of PaO2/
FIO2 is 200 mm Hg, regardless of the
positive end-expiratory pressure (PEEP)
level used on the mechanical ventilator.

A recent prospective population-based
study documented a crude incidence of
acute lung injury of 78.9 per 100,000
person-years (considerably higher than
previous reports) with an in-hospital
mortality rate of 38.5%. Importantly, the
mortality rate increased with increasing
age (Fig. 1). These data suggest an esti-
mated 190,600 cases of ALI annually in
the United States, which are associated
with 74,500 deaths and 3.6 million hos-
pital days (3). Interestingly, a recent sin-
gle-center, 5-yr observational study re-
ported that the rate of ARDS in trauma
has decreased significantly (Fig. 2), with a
�50% reduction in the incidence of
ARDS after injury, despite similar patient
demographics and injury severities (4).

ARDS and ALI are associated with
pathologically complex changes in the
lung, manifested by an early exudative
phase and followed by proliferative and

fibrotic phases (5). The acute inflamma-
tory state leads to increased capillary per-
meability and the accumulation of pro-
teinaceous pulmonary edema, leading to
hypoxemia. Hypoxia may further aggra-
vate lung injury, and treatment strate-
gies, therefore, focus on improvement of
oxygenation and correction of the under-
lying problem (6). More recently, clinical
studies have examined outcome differ-
ences in pulmonary (direct) and extrapul-
monary (indirect) lung injury to examine
potential treatment response differences.
Additional prognostic determinants of
ARDS in adults may need to be consid-
ered in the conduct of future clinical tri-
als in this area (7).

The treatment of ALI and ARDS is sup-
portive care, including optimized mechanical
ventilation, nutritional support, manipula-
tion of fluid balance, source control and treat-
ment of sepsis, and prevention of intervening
medical complications. Paramount in the
support of the patient with severe respiratory
failure and ALI/ARDS is the use of mechanical
ventilatory support. Mechanical ventilatory
support can be injurious and lead to addi-
tional lung injury when used at the extremes
of pulmonary physiology, a concept that has
been termed ventilator-induced lung injury
(8). There are a number of mechanisms that
can lead to the development of ventilator-
induced lung injury, including barotrauma,
diffuse alveolar injury resulting from overdis-
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tention (volutrauma), injury caused by re-
peated cycles of recruitment/derecruitment
(atelectrauma), and the most subtle form of
injury because of the release of local media-
tors in the lung (biotrauma) (9).

Clinical studies in which a single vari-
able is manipulated and tested for its ef-
fect on outcome in severe respiratory fail-
ure have had disappointing results, with a
few rare exceptions. It has become appar-
ent that successful advances in the treat-
ment of severe respiratory failure will in-
volve the implementation of algorithms
or strategies that take advantage of mul-
tiple techniques to provide effective me-
chanical ventilatory support, while mini-
mizing ventilator-induced lung injury
and improving oxygenation/ventilation.
This review will focus on recent thera-
peutic advances in the treatment of se-
vere respiratory failure and strategies for
minimizing ventilator-induced lung in-
jury.

Low Tidal Volume Strategy

The use of high tidal volumes and/or
high ventilator pressures in an attempt to

ventilate the patient with worsening re-
spiratory failure can result in compro-
mise of cardiopulmonary function and
the development of ventilator-induced
lung injury. There is increasing evidence
that alveolar stretch induced by large in-
spired tidal volumes plays a significant
role in the development of ventilator-
induced lung injury through the incite-
ment of an exaggerated alveolar inflam-
matory response, which is associated
with systemic inflammation, as well (10).

Significant lung injury caused by baro-
trauma and alveolar overdistention occurs in
patients with ARDS. High plateau and peak
inspiratory pressures, for even a brief period
of time, have been proven to be detrimental
to lung function in animal models (11–13).
Barotrauma results when air migrates out of
the alveolar space into the extrapulmonary
tissues. This can result in the clinical pres-
ence of pneumothorax, pneumomediasti-
num, pneumoperitoneum, subcutaneous
emphysema, and air embolism. Barotrauma
occurs in 13% of ARDS patients but results in
mortality in �2% of patients (14, 15). Only
high levels of PEEP have been associated with

an increased risk of barotrauma, whereas
peak, mean, and plateau airway pressure have
not (16).

In ARDS, large proportions of the lung
alveoli become consolidated and are not
available for gas exchange. The resulting
available lung units are small in number
and give the patient a functional lung
that is analogous to a “baby lung” in size.
Attempting to force adult magnitude tidal
volume breaths into this baby lung can
result in overdistention of the remaining
open alveoli and high distending pres-
sures. This alveolar overinflation can ex-
acerbate existing lung injury, leading to
microvascular injury and worsening pul-
monary edema (17). Experimental stud-
ies using body casts to prevent overinfla-
tion suggest that this microbarotrauma is
primarily the result of lung overinflation
rather than high airway pressures (18).

Using a low tidal volume (6 mL/kg)
approach to mechanical ventilation in an-
imals with Pseudomonas aeruginosa-
induced acute lung injury resulted in en-
hanced oxygenation, increased arterial
blood pH, increased blood pressure, and a
decrease in extravascular lung water
when compared with a high tidal volume
group (15 mL/kg) (19). The ARDS Net-
work trial conclusively demonstrated the
clinical value of a low tidal volume vs.
high tidal volume approach in the me-
chanical ventilatory support of patients
with severe respiratory failure (20). This
trial was a multicenter, randomized, con-
trolled study that compared a tidal vol-
ume of 6 mL/kg ideal body weight (and
plateau pressure �30 cm H2O) with a
tidal volume of 12 mL/kg ideal body
weight (and plateau pressure �50 cm
H2O). The trial was stopped after the
fourth interim analysis when a total of
861 patients were enrolled and the data
analysis showed a significantly lower
mortality, 31% vs. 40%; p � .007, in the
low tidal volume group. The number of
ventilator-free days in the first 28 days
was significantly higher in the group
treated with lower tidal volumes (12 � 11
vs. 10 � 11; p � .007) as was the number
of days without failure of non-pulmonary
organs or systems (15 � 11 vs. 12 � 11;
p � .006). The incidence of barotrauma
was similar in the two groups, at 10% to
11%. A secondary analysis of a subgroup
from this randomized trial confirmed
that intrinsic PEEP was significantly
higher in patients randomized to the 6
mL/kg protocol group, but the difference
of median intrinsic PEEP between the

Figure 1. Age- and risk-specific incidence of and age-specific mortality from acute lung injury.
Reprinted with permission from Rubenfeld et al (3).

Figure 2. Decreasing incidence of acute respiratory distress syndrome in trauma patients. ISS, injury
severity score; APACHE, Acute Physiology and Chronic Health Evaluation; ARDS, acute respiratory
distress syndrome. Reprinted with permission from Martin et al (4).
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groups was �1 cm H2O, and it is unlikely
that this was clinically important (21).

In patients with ALI and ARDS, plasma
interleukin-6 and -8 are associated with
morbidity and mortality. Lower tidal vol-
ume ventilation in the ARDS Network
prospective, randomized trial was also as-
sociated with a more rapid attenuation of
the inflammatory response (Fig. 3) (22).
There have been some barriers to wide-
spread implementation of the low tidal
volume ventilation strategy, particularly
with regard to patient discomfort and
tachypnea and concerns about hypercap-
nia, acidosis, and hypoxemia (23). Recent
studies document that low tidal volume
ventilation does not increase sedation use
(24). However, it is important to establish
techniques for overcoming these barriers
to use, including clinician education,
tools to assess patient discomfort, and
recommendations for specific ventilator
setup.

The recent publication of the “Guide-
lines for Mechanical Ventilation of the
Trauma Patient” (Fig. 4) from the partic-
ipants of the Inflammation and Host Re-
sponse to Injury Large-Scale Collabora-
tive Research Program is an important
step forward in standardizing clinical
management in trauma patients to en-
sure that a low tidal volume, lung-
protective strategy is used for the venti-
lation of patients who meet criteria for
ALI and ARDS. This statement also pro-
vides guidelines for the use of PEEP in
patients with ALI and guidelines to en-
sure that discontinuation of mechanical
ventilation and extubation occur at the
earliest possible time (25).

Permissive Hypercapnia

Mechanical ventilatory strategies to
reduce tidal volumes and, thereby, reduce
volutrauma can result in inadequate lung
ventilation. Permissive hypercapnia is a
consequence of a ventilator strategy that
accepts deliberate hypoventilation in an
effort to reduce pulmonary overdisten-
tion and high transalveolar pressures
within the compliant non-collapsed lung
in patients with ARDS. This technique
induces the side effect of hypercarbia and
respiratory acidosis, which are managed
medically. The tidal volume is gradually
reduced to allow a progressive rise in the
PaCO2, not to exceed 10 mm Hg/hr, to a
maximum of 80–100 mm Hg. This is
done to keep the static peak airway pres-
sure �40 cm H2O and maintain the ar-
terial oxygenation saturation (SaO2)

�90%, while tolerating a pH as low as
7.15 before initiating administration of
intravenous buffering agents (26). Buff-
ering agents such as NaHCO3 (50 mEq/L)
or THAM (36 g/L, tromethamine) can be
administered as a continuous intrave-
nous infusion if the arterial pH falls less
than 7.15 in asthma patients or 7.28 in
patients at risk for simultaneous meta-
bolic acidosis (27).

Higher levels of sedation may be re-
quired to offset the respiratory drive in-
duced by hypercapnia and to avoid pa-
tient discomfort. A recent study
documented that higher doses of propo-
fol, but not midazolam, were required to
sedate patients managed with permissive
hypercapnia (28). The effects of hypercap-
nia may worsen intracranial pressure,
and this technique should potentially be
avoided in trauma patients with evidence
of brain injury. The negative inotropic
effect of respiratory acidosis can usually
be overcome by producing a compensa-
tory metabolic alkalosis but must be
managed medically with intravenous
buffering agents when it occurs. Mortal-
ity in adult patients with ARDS was re-
duced to 26%, compared with the ex-
pected mortality of 53% based on Acute
Physiology and Chronic Health Evalua-
tion II scores when low tidal volume,
pressure-limited ventilation with permis-
sive hypercapnia was prospectively ap-
plied to 64 patients with ARDS (29)(29).

In burned children, a ventilator strat-
egy was followed using a peak inspiratory
pressure of 40 cm H2O and accepting an
elevated PaCO2 as long as the arterial pH
was �7.20 (30). An overall mortality rate
of 3.7% occurred with no respiratory
deaths. In 11 of these children, a high
degree of inhalation injury was present.
The average maximum PaCO2 was 62 mm
Hg, with a range of 50–111 mm Hg and a
simultaneous average pH of 7.27. A strat-
egy of high-frequency pressure-con-
trolled ventilation with low tidal volumes
and high PEEP (7–30 cm H2O) was per-
formed in 53 children with severe ARDS

(31). The peak inspiratory pressure was
minimized, and mild hypercapnia was
tolerated with PaCO2 levels ranging from
45 to 60 mm Hg. The hospital survival
rate in these patients was 89% and com-
pared favorably with the 28% to 60%
survival rates of six previous studies us-
ing higher peak inspiratory pressure,
higher maximum FIO2, and lower PEEP
settings.

Most recently, a secondary analysis of
the ARDS Network low tidal volume mul-
ticenter trial (n � 861) documented that
hypercapneic acidosis was associated with
a reduced 28-day mortality (adjusted odds
ratio, 0.14; 95% CI, 0.03–0.70; p � .016)
in the 12 mL/kg predicted body weight
tidal volume group after controlling for
comorbidities and severity of lung injury,
but no difference was identified in the 6
mL/kg tidal volume group (32). These
results are consistent with a protective
effect of hypercapneic acidosis against
ventilator-induced lung injury that was
not found when the further ongoing in-
jury was reduced by 6 mL/kg predicted
body weight tidal volumes.

Open Lung Strategy

Depletion of surfactant and low levels
of PEEP can lead to cyclic atelectasis with
repeated collapse and opening of those
few functional alveoli that remain in se-
vere ARDS. This cycling of alveoli open-
ing and closing can lead to activation of
neutrophils, promote additional lung in-
jury, and lead to loss of functional resid-
ual lung capacity (FRC). One of the more
common means of recruiting collapsed
alveoli and increasing FRC is to use in-
creased levels of PEEP. By not allowing
all the pressure in the lung to escape
during exhalation, alveoli that are unsta-
ble and prone to collapse cannot do so.
This technique can be thought of as hold-
ing the lung partially open so that the
next breath is not starting from total col-
lapse in a noncompliant lung.

Figure 3. Percent reduction in 6 mL/dg group vs. 12 mL/kg group during the first three study days.
The 95% confidence intervals are 12% to 37% for interleukin (IL)-6, 1% to 23% for IL-8, and -4% to
25% for IL-10. Reprinted with permission from Parsons et al (22).
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The optimal level of PEEP to use is
difficult to determine, but emerging evi-
dence suggests that maximum recruit-
ment and maintenance of lung volume
occurs when the PEEP is set at a level
just above the lower inflection point
(Pflex) on the pressure-volume curve in a
patient with ARDS (33, 34). A single
breath compliance curve with tidal vol-
ume plotted against static airway pres-
sure will demonstrate two inflection
points (Fig. 5). The lower one represents
the theoretical critical opening pressure
of most alveoli available for recruitment,
and the upper point represents the loss of
elastic properties on the lung secondary
to overdistention. Setting the PEEP
slightly higher than the Pflex will result in
maintenance of alveolar distention
throughout the ventilatory cycle. The an-
ticipated end result is an increase in the
recruitment of functional residual capac-
ity, decreased intrapulmonary shunting,
and improved arterial blood oxygenation.

Combining the use of low-volume
tidal volume strategies, with the applica-
tion of PEEP at levels above the lower
inflection point, and permissive hyper-
capnia has been termed the “open-lung
approach.” Amato et al. (35) describe a
technique in which PEEP is maintained
above the lower inflection point of the
pressure-volume curve, tidal volume is
kept at �6 mL/kg, static peak pressure is
�40 cm H2O, permissive hypercapnia is
allowed, and the stepwise use of pressure-
limited modes of ventilation are used.
Using this technique in a prospective
study vs. conventional mechanical venti-
lation in ARDS yielded improved survival
at 28 days (62% vs. 29%; p � .001), a
higher rate of weaning from mechanical
ventilation, and a lower rate of baro-
trauma in the open-lung or protective
strategy group. There was no difference
in the overall hospital mortality between
groups, and the high 28-day mortality in
the conventional mechanical ventilatory
group raises concern about the overall
impact of this strategy.

In a similar trial, which used pressure
and volume-limited ventilation, with
peak inspiratory pressure maintained at
�30 cm H2O and the tidal volume at �8
mL/kg vs. conventional ventilation, Stew-
art et al. (36) demonstrated no difference
in mortality between the “limited venti-
lation” group (50%) and the patients un-
dergoing conventional mechanical venti-
lation (47%). The limited ventilation
group did have a significantly lower base-
line PaO2/FIO2 ratio when compared with

the control group that underwent con-
ventional ventilation.

The ARDS Network study comparing
high PEEP with the previously reported
ARDS Network low-PEEP strategy was
terminated early for futility (37). In this
study, the patients in the high-PEEP
group received an average of 13.2 � 3.5
cm H2O PEEP compared with 8.3 � 3.2
cm H2O of PEEP in the low-PEEP group.
Neither of these PEEP levels is particu-
larly high, and the mean PEEP value for
the high-PEEP group was lower than the
level used by Amato et al. (35) in their
open-lung trial, which was at least 16 cm
H2O.

Most recently, a prospective, random-
ized study (ARIES, Acute Respiratory In-

sufficiency: Espana Study) comparing a
mechanical ventilation strategy with a
PEEP level set on day 1 above Pflex (Pflex �
2 cm H2O PEEP) and a low tidal volume
(5–8 mL/kg of predicted body weight;
“Pflex/LTV”) compared with a control
strategy with a higher tidal volume (9–11
mL/kg predicted body weight) and rela-
tively low PEEP (5 cm H2O) was stopped
early because of increased efficacy in the
Pflex/LTV group. Intensive care unit (ICU)
mortality (53.3 vs. 32%; p � .04), hospi-
tal mortality (55.5 vs. 34%; p � .04), and
ventilator-free days (p � .008) favored
the Pflex/LTV group (38).

Based on the ARDS Network trials and
others detailing the open-lung approach,
most clinicians today avoid high-peak in-

Figure 4. Summary of mechanical ventilation protocol for trauma. ALI, acute lung injury; ARDS, acute
respiratory distress syndrome; PEEP, positive end-expiratory pressure; RR, relative risk; Vt, tidal
volume; Ve, minute volume or expired volume per min; ICP, intracranial pressure; CPAP, continuous
positive airway pressure; Q, every. Reprinted with permission from Nathens et al (25).
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spiratory pressures, use low tidal vol-
umes, and apply appropriate levels of
PEEP to encourage lung recruitment and
avoid cyclic atelectasis. This approach is
the current “gold standard” for mechan-
ical ventilatory support and avoiding ad-
ditional ventilator-induced lung injury in
patients with severe ARDS.

However, the extent to which tidal vol-
umes and inspiratory airway pressures
should be reduced to optimize clinical
outcomes is a controversial topic. A re-
cent study examined all patients with pla-
teau pressures (Pplat) in the ARDS net-
work lower tidal volume trial (39). Fig. 6
demonstrates the relationship of mortal-
ity vs. Pplat for all patients and shows
decreasing mortality as day 1 Pplat de-
clines from high to low levels. It does not
reveal a safe Pplat threshold within the
range of day 1 Pplat levels measured in
patients with ALI/ARDS. Bivariate analy-
sis also demonstrated that lower Pplat

quartiles were associated with reduced
mortality when compared with higher
Pplat quartiles (p � .039) (Fig. 7). The
ARDS Network volume- and pressure-
limited strategy used a tidal volume goal
of 6 mL/kg predicted body weight, and
with this approach, mean Pplat was ap-
proximately 25 cm H2O. This additional
analysis does not substantiate the wide-
spread belief that tidal volume reduction
is without benefit when Pplat is already
�30–35 cm H2O.

Airway Pressure Release
Ventilation

Airway pressure release ventilation
(APRV) is a pressure-limited, time-cycled
mode of mechanical ventilation that al-
lows a patient unrestricted spontaneous
breathing during the application of con-
tinuous positive airway pressure. It is an
alternative approach to open-lung venti-
lation. Although recruitment maneuvers
may be effective in improving gas ex-
change and compliance, these effects may
not be sustained and may require re-
peated maneuvers. APRV may be viewed
as a nearly continuous recruitment ma-
neuver, with high-pressure providing
80% to 95% of the cycle time, creating a
stabilized open lung while facilitating
spontaneous breathing. The ventilator
maintains a high-pressure setting for the
bulk of the respiratory cycle, which is
followed by a periodic release to a low-
pressure setting analogous to PEEP (Fig.
8) (40). Patients who are not receiving
neuromuscular blockade can spontane-

ously breathe on top of this form of con-
tinuous positive airway pressure, which is
periodically lowered to allow ventilation
and CO2 clearance. The spontaneous
breathing allowed during APRV can de-
crease intrathoracic pressure, as inspira-
tion by the patient results in periodic
cycles of negative pressure from the dia-
phragm and chest wall excursion. APRV
is no different from pressure-controlled
inverse ratio mechanical ventilation in
patients receiving neuromuscular block-
ade. To date, an adequately designed and
powered study to demonstrate a reduc-
tion in mortality or ventilator days with
APRV compared with optimal lung pro-
tective conventional ventilation has not
yet been performed.

High-Frequency Oscillatory
Ventilation

High-frequency oscillatory ventilation
(HFOV) involves the use of a piston
pump-driven diaphragm to deliver small
tidal volumes at frequencies between 3
and 15 Hz. HFOV is unique in that expi-
ration is active in addition to inspiration,
with this component created by the back-
ward movement of the diaphragm, which
generates negative pressure.

Oxygenation is manipulated by adjust-
ing mean airway pressure, which controls
lung inflation in a manner similar to the
use of PEEP in conventional mechanical
ventilation (CMV). Changing the tidal
volume, also known as the amplitude or
power, controls ventilation and carbon
dioxide elimination. Besides the FIO2,
there are only a total of four variables to
manipulate when using HFOV. First,
mean airway pressure is initiated at 1–2

cm H2O higher than for CMV in prema-
ture newborns, 2–4 cm H2O higher than
CMV in full-term newborns and children,
and 5 cm H2O higher than CMV in adults.
Second, frequency (Hz) is set at 12 Hz in
premature infants and 5–10 Hz in all
others. Lowering the frequency will re-
sult in an increase in the tidal volume
and a decrease in the PaCO2. Third, in-
spiratory time is usually set at 33%, but it
may be lengthened to increase the tidal
volume. Fourth, amplitude or power is
set to achieve appropriate chest wall
movement and adequate CO2 elimina-
tion.

HFOV was initially used as a rescue
strategy when other modes of mechanical
ventilation had failed (41, 42). The MOAT
(Multicenter Oscillatory Ventilation for
Acute Respiratory Distress Syndrome
Trial) compared HFOV with a pressure-
controlled ventilation strategy (n � 148).
HFOV was associated with early (�16
hrs) improvement in PaO2/FIO2 compared
with the conventional ventilation group
(p � .008); however, this difference did
not persist beyond 24 hrs. The oxygen-
ation index decreased similarly during
the first 72 hrs in both groups. Thirty-day
mortality was 37% in the HFOV group
and was 52% in the conventional venti-
lation group (p � .1). No differences were
identified in the percentage of patients
alive without mechanical ventilation at
day 30 (36% HFOV vs. 31% conventional;
p � .7). There were no significant differ-
ences in hemodynamic variables, oxygen-
ation or ventilation failure, barotrauma,
or mucus plugging between treatment
groups. The authors concluded that
HFOV is a safe and effective mode of

Figure 5. Pressure-volume curve of a moderately diseased lung, such as one with adult acute
respiratory distress syndrome. Two hazard zones exist: overdistention and derecruitment and atelec-
tasis. High end-expiratory pressures and small tidal volumes are needed to stay in the “Safe” window.
High-frequency oscillatory ventilation may have a larger margin of safety in keeping the lung open
within the desired target range of alveolar overdistention. Reprinted with permission from Imai and
Slutsky (46).
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ventilation for the treatment of ARDS in
adults (43).

A similar multicenter randomized
trial (n � 61) comparing HFOV with con-
ventional ventilation in adult ARDS was
conducted in Europe but was stopped
prematurely because of a low inclusion
rate and the completion of the Derdak
trial (22), and no significant differences
were identified in this small trial (44).

A review of the clinical experience
with HFOV in Toronto (n � 156) in se-
vere ARDS patients (mean PaO2/FIO2 ra-
tio, 91 � 48 mm Hg) concluded that
HFOV had beneficial effects on oxygen-
ation and may be an effective rescue ther-
apy for adults with severe hypoxemia and
that the early institution of HFOV may be
advantageous (45).

HFOV is, in theory, the ideal “lung-
protective” method, and may have a
larger margin of safety in keeping the
lung open within the desired target range
of alveolar overdistention in heteroge-
neously injured ARDS lungs, but out-
come benefits have not yet been proven
in a large prospective, randomized trial
(46). Because it has been suggested that
the early initiation of HFOV in patients
with severe ARDS may be important to
successful outcomes, the active identifi-
cation of patients with ARDS who may be
potential candidates for HFOV is impor-
tant. Although the exact severity thresh-
old at which to initiate a trial of HFOV
remains unclear, an emerging approach
includes the following severity criteria:
(47)

● FIO2 �0.60 and SpO2 �88% on CMV
with PEEP �15 cm H2O, or

● Plateau pressures �30 cm H2O, or
● Mean airway pressure 24 cm H2O, or
● Airway pressure release ventilation

high pressure 35 cm H2O.

Recruitment Strategies

Alveolar recruitment is one of the pri-
mary goals of respiratory therapy for ALI
and ARDS. It is aimed at improving pul-
monary gas exchange, preventing venti-
lator-induced lung injury, atelectasis, and
“atelectrauma” (48). PEEP may decrease
ventilator-induced lung injury by keeping
lung regions open that otherwise would
be collapsed. Recruitment maneuvers can
be used to increase alveolar FRC (49).

A recent study documented that the
percentage of potentially recruitable lung
(mean � SD, 13 � 11) varied widely in
patients with ALI or ARDS and that, on
average, 24% of the lung could not be

recruited. Furthermore, patients with a
higher percentage of potentially re-
cruitable lung (which was strongly asso-
ciated with a favorable response to PEEP)
had poorer oxygenation and higher rates
of death than patients with a lower per-
centage of potentially recruitable lung
(50).

Effective recruitment maneuvers and
sustained levels of PEEP to avoid dere-
cruitment may obviate the need for the
prone position in ARDS for alveolar re-
cruitment (51). A large amount of exper-
imental data suggests that alveolar re-
cruitment is beneficial in ALI and ARDS.
However, there is no single clinical study
that clearly proves the effectiveness of

alveolar recruitment for lung protection
and survival.

The combination of recruitment ma-
neuvers (initial cycle of up to three sus-
tained inflation recruitment maneuvers
of 40 cm H2O for 40 secs) and HFOV in a
prospective, multicenter clinical trial
(Treatment with Oscillation and an Open
Lung Strategy, TOOLS Trial) resulted in
a rapid and durable improvement in ox-
ygenation and was well-tolerated, feasi-
ble, and physiologically sound (52).

Prone Positioning

Changes in patient positioning can
have a sometimes dramatic effect on ox-

Figure 6. Relationship between mortality and day 1 plateau pressures. Reprinted with permission from
Hager et al (39).

Figure 7. Mortality differences based on day 1 plateau airway pressures. Vt, tidal volume; ARR, absolute
risk reduction; CI, confidence interval; Pplat, plateau pressure. Reprinted with permission from Hager
et al (39).
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ygenation and ventilation in severe
ARDS. Changing the patient position to
prone or a steep lateral decubitus posi-
tion can improve the distribution of per-
fusion to ventilated lung regions, de-
creasing intrapulmonary shunt and
improving oxygenation (53).

The use of intermittent prone posi-
tioning can significantly improve oxygen-
ation in 60% to 70% of patients (54, 55).
A multicenter randomized trial of con-
ventional treatment vs. placing patients
in a prone position for 6 or more hrs daily
for 10 days was conducted on patients 16
yrs of age with ALI or ARDS (56). No
differences in mortality or complications
were identified for the prone vs. conven-
tional positioning group at any time
point during the study, with up to 6
months follow-up. The mean increase in
the PaO2/FIO2 ratio was greater in the
prone than supine group (63 � 67 vs.
45 � 68; p � .02). Of note is that the
mean PaO2 of 85–88 mm Hg and mean
PaO2/FIO2 ratio of 125–129 are still high
for patients with severe ARDS, and there-
fore, these patients may not have been
likely to benefit considerably by the prone
intervention with regard to mortality. A
retrospective analysis of patients in the

pronation arm of this study revealed that
ALI/ARDS patients who responded to
prone positioning with a reduction in
their PaCO2 1 mm Hg showed an increase
in survival at 28 days with a decrease in
the mortality rate from 52% to 35% (57).

A recent multicenter, randomized,
controlled clinical trial of supine vs.
prone positioning in 102 pediatric pa-
tients failed to demonstrate a significant
difference in the main outcome measure,
which was ventilator-free days to day 28.
There were also no differences in the sec-
ondary endpoints study conducted in-
cluding proportion alive and ventilator-
free on day 28, mortality, the time to
recovery from lung injury, organ failure-
free days, and functional health (58).

A prospective, randomized study (n �
136), with guidelines established for ven-
tilator settings and weaning, examined
the efficacy of the prolonged prone posi-
tion (continuous prone position for 20
hrs daily) in severe ARDS patients with 48
hrs of tracheal intubation. Multivariate
analysis documented that randomization
to the supine position was an indepen-
dent risk factor for mortality (odds ratio,
2.53; p � .03). These authors concluded
that prone ventilation is feasible and safe

and may reduce mortality in patients
with severe ARDS when it is initiated
early and applied for most of the day (59).

Prone positioning is labor intensive
with associated risks, including inadver-
tent extubation and pressure sores, and
requires the use of appropriate cushion-
ing of the dependent portions of the body
to avoid pressure ulcerations. However,
the technique can be performed safely by
a trained and dedicated nursing staff that
are aware of its potential benefits in crit-
ically ill patients with severe pulmonary
failure in conjunction with judicious use
by ICU physicians. In our experience,
prone positioning is a useful tool for
treatment of hypoxemia, can prevent the
need for extracorporeal life support
(ECLS), and is used for lung recruitment
in patients undergoing ECLS. We do not,
however, use prone positioning until the
PaO2/FIO2 ratio is significantly �100. One
technique involves alternating prone
with supine positioning every 6 hrs. Pa-
tients will often experience an initial
worsening in their respiratory status with
each change in position, but this passes
quickly in the first 15–30 mins to even-
tual improvement in oxygenation and
ventilation, with 70% of the overall im-
provement occurring in the first hour of
pronation. Prone positioning, although
not associated with a significant survival
advantage, may serve a role as rescue
therapy for patients with ARDS and re-
fractory life-threatening hypoxemia.

Extracorporeal Life Support

In patients who have acute and severe
respiratory failure who are failing all ad-
vanced modes of mechanical ventilation,
the use of extracorporeal life support
(ECLS) is an option. ECLS is a proven
modality for the treatment of severe re-
spiratory failure in the neonate (60, 61).
Its use in adults remains controversial,
but ongoing clinical trials and research
have indicated a possible benefit for its
use to salvage those patients failing ag-
gressive conventional therapy. For infant,
pediatric, and adult patients with severe
ARDS, ECLS therapy has produced re-
spective survival rates of 85%, 74%, and
52% in these patients (62). The indica-
tions for ECLS are listed in Table 1 for
infants and Table 2 for adults. Referral to
an ECLS center should occur early if
there is a suspected need for this tech-
nology. This will allow safe transport of
the patient and avoidance of the “crash
on” with all of its inherent complications.

Figure 8. Airway pressure release ventilation is a form of continuous positive airway pressure (CPAP).
The Phigh is equivalent to a CPAP level; Thigh is the duration of Phigh. The CPAP phase (Phigh) is
intermittently released to a Plow for a brief duration (Tlow) reestablishing the CPAP level on the
subsequent breath. Spontaneous breathing may be superimposed at both pressure levels and is
independent of time cycling. Reprinted with permission from Habashi (40).

S284 Crit Care Med 2006 Vol. 34, No. 9 (Suppl.)



The technique of ECLS for patients
with severe respiratory failure involves a
venovenous or venoarterial life support
circuit with a membrane oxygenator to
temporarily take over the function of the
lung. While on ECLS, mechanical venti-
lator settings are adjusted to minimize
ventilator-induced lung injury and to
maximize the recruitment of FRC. The
treatment program for adults involves an
algorithm that aims to normalize body
physiology, aggressively recruit FRC, and
minimize barotrauma. This algorithm
used in 141 patients with respiratory fail-
ure referred for consideration of ECLS
yielded a survival rate of 62% in patients
with severe ARDS (median initial PaO2/
FIO2 ratio of 66) (63).

The primary indication for the use of
ECLS in patients with severe respiratory
failure is when the risk of dying from
ARDS is considered �80% after optimal
ventilator and medical management. This
translates to an alveoli-arterial oxygen
gradient �600 mm Hg or a PaO2/FIO2

ratio of �70 on 100% oxygen. Patients
should also have a transpulmonary shunt
fraction �30%, despite maximal conven-
tional therapy. Adult patients are typi-
cally cannulated percutaneously with
large 21- to 23-Fr catheters for drainage
and infusion of blood. Anticoagulation is
necessary and is titrated by measurement
of whole blood-activated clotting time.
ECLS allows for a decreasing of mechan-
ical ventilator settings to non-damaging
“rest” levels while maintaining FRC re-

cruitment measures. Once the patient’s
native lung function has improved, the
patient is weaned off of ECLS at moderate
ventilator settings that allow for potential
increases in therapy (e.g., FIO2 0.5–0.6). If
the weaning of ECLS is successful, the
cannulas are removed and recovery con-
tinues.

In a series of 255 adult patients who
were placed on ECLS for severe ARDS
refractory to all other treatment, 67%
were weaned off ECLS and 52% survived
to hospital discharge (64). Multivariate
analysis identified the following pre-
ECLS variables as significant indepen-
dent predictors of survival: 1) age; 2) gen-
der; 3) arterial blood pH 7.10; 4) PaO2/
FIO2 ratio; 5) days of mechanical
ventilation. None of the patients who sur-
vived required permanent mechanical
ventilation or supplemental oxygen ther-
apy. Patients who can be successfully de-
cannulated from ECLS have a 77%
chance of being discharged from the hos-
pital alive and a complete recovery.

The CESAR (Conventional Ventilation
or ECMO for Severe Adult Respiratory
Failure) trial is a prospective, randomized
trial underway in the United Kingdom in
adults with severe acute respiratory fail-
ure. Complete information regarding the
inclusion and exclusion criteria, trial de-
sign, number of patients recruited, and
information for patients and families is
available at their website (http://ww-
w.lshtm.ac.uk/msu/trials/cesar/). The pri-
mary hypothesis for this trial is that “for

patients with severe, but potentially re-
versible, respiratory failure, ECMO will
increase the rate of survival without se-
vere disability by 6 months post-random-
ization.”

The findings from this important
pivotal trial will provide critical infor-
mation regarding the efficacy of ECLS
in adult patients with ARDS but will
need to be interpreted carefully, be-
cause all patients allocated to the ECLS
arm of the trial will be transported (by
an experienced ECMO transport team)
to a single center (Glenfield Hospital in
Leicester), which is one of the most
experienced ECMO centers in the
world. The conventional mechanical
ventilation arm of the trial will be man-
aged as follows. “Conventional ventila-
tory support can include any treatment
modality thought appropriate by the pa-
tient’s intensivist (excluding ECMO).
Intensivists will have full discretion to
treat patients as they think appropriate.
It will be recommended that intensiv-
ists adopt the low volume ventilation
strategy. Adherence to this strategy is
defined for the purposes of CESAR as a
plateau pressure �30 cm H2O (or if
plateau pressure is not measured the
peak inspiratory pressure). This will
usually mean a tidal volume of 4 – 8
mL/kg body weight as defined in the
low tidal volume ventilation strategy
according to the ARDS Network group.”

Most recently, case reports of the use
of a pumpless extracorporeal lung assist
device (arterial cannula inserted into the
femoral artery, membrane oxygenator
with venous cannula return to the femo-
ral vein [driving the force is the patient’s
blood pressure]) in the treatment of se-
vere ARDS review its efficacy, limitations,
and associated adverse events (65–68).
Prospective, randomized trials are war-
ranted to examine the efficacy of this new
technology.

Pharmacologic Strategies

Multiple pharmacologic interventions
(including prostaglandins, prostacyclin,
lisofylline, ketoconazole, N-acetylcyste-
ine, corticosteroids, and nitric oxide)
have been investigated in the treatment
of ALI and ARDS, but none as yet has
demonstrated improved survival (69).
Two pharmacologic strategies (ketocon-
azole and lisofylline) were investigated by
the ARDS Clinical Trials Network, and
both studies were stopped by the Data

Table 1. Neonate extracorporeal life support criteria

Indications Contraindications

Duration of ventilation Prolonged conventional mechanical ventilation
�10–14 days Intracranial hemorrhage (� grade I)

Reversible lung pathology Incurable disease
Age �30 wks
Weight �1 kg
Unresolved surgical issues

Oxygenation
A-aḊO2 �605–620 for not �4–12 hrs
Oxygenation index �25

Recommend cranial ultrasound and echocardiogram before cannulation.

Table 2. Adult extracorporeal life support criteria

Indications Contraindications

Duration of ventilation Prolonged conventional mechanical ventilation
�5–7 days, 7–10 days only if ventilated
with high pressures for �7 days

Poor neurologic status
Incurable disease

Compliance
�0.5 mL/cm H2O/kg

Age �70 yrs
Pulmonary artery pressures �2/3 systemic

blood pressure
Unresolved surgical issues

Oxygenation
PaO2/FIO2 �100
Shunt �30%
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Safety and Monitoring Boards for futility
at interim analyses (70, 71).

A Cochrane Database Systematic Re-
view of pharmacologic therapy for adults
with ALI and ARDS reviewed 33 trials
that randomized 3,272 patients and con-
cluded that two interventions were ben-
eficial in single small trials: corticoste-
roids given for late-phase ARDS reduced
hospital mortality (n � 24) and pentoxi-
fylline reduced 1-month mortality (n �
30). Individual trials of nine additional
pharmacologic interventions failed to
show a beneficial effect, concluding that
effective pharmacotherapy for ALI and
ARDS is extremely limited (72).

Most recently, alterations in coagula-
tion and fibrinolysis in the pathogenesis
of ALI and ARDS have been examined,
particularly related to alveolar fibrin dep-
osition. Increased local tissue factor-
mediated thrombin generation and de-
pression of local fibrinolysis related to

increased plasminogen activator inhibi-
tors have been reported (73). Pulmonary
coagulopathy may be a prominent feature
of ARDS and ventilator-induced lung in-
jury, just as microvascular thrombosis is
a common feature of sepsis. Additional
studies in this important area are war-
ranted.

Corticosteroids

Because ARDS is pathologically asso-
ciated with persistent inflammation and
excessive fibroproliferation, previous
studies investigated the use of corticoste-
roids. Four trials of high-dose, short-
course corticosteroids for early ARDS
failed to show improvements in survival
(74–77). In contrast, several small case
series (78–83) and a single-center ran-
domized trial (n � 24) (84) reported im-
proved lung function and survival with

moderate-dose corticosteroids in patients
with persistent (7 days) ARDS.

The multicenter trial (n � 180) from
the National Heart, Lung and Blood In-
stitute ARDS Clinical Trials Network ran-
domized patients with ARDS of at least 7
days duration to receive either methyl-
prednisolone or placebo in a double-blind
manner (85). A complete description of
the protocol and methods is available at
www.ardsnet.org.

Methylprednisolone therapy was asso-
ciated with increased ventilator-free and
shock-free days, improved oxygenation,
and improved pulmonary compliance
during the first 28 days. There was no
significant difference in 60-day (28.6% vs.
29.2%) and 180-day mortality (31.9% vs.
31.5%) rates in the entire study cohort.
As compared with placebo, methylpred-
nisolone was associated with significantly
increased 60- and 180-day mortality rates
in patients enrolled at least 14 days after

Table 3. Results of multicenter clinical studies of the use of inhaled nitric oxide in patients with acute respiratory failure

Study Year

Duration of
Intervention

(Days) Patientsa

Intervention

Primary Outcome Secondary OutcomesControl Inhaled Nitric Oxide

Dellinger et
al. (91)

1998 28 Patients with ARDS
enrolled within 72
hrs after
diagnosisb;
patients with
severe sepsis,
nonpulmonary
organ failure, or
both, were
excluded

Nitrogen in 57
patients

1.25 ppm in 22
patients

5 ppm in 34 patients
20 ppm in 29 patients
40 ppm in 27 patients
80 ppm in 8 patientsc

Duration of mechanical
ventilation

Oxygenationd; pulmonary
arterial pressured;
response; 28-day
survival

Lundin et al.
(92)

1999 30 Patients with acute
lung injury with a
PaO2:FIO2 �165
mm Hg who had
been receiving
mechanical
ventilation 18–96
hrse

Conventional therapy
with no placebo in
93 patients

2, 10, or 40 ppm
(lowest effective
dose; mean � SD,
9 � 8 ppm for
9 � 6 days) in 87
patients

Reversal of acute lung
injury

30- and 90-day survival;
dependency on
intensive care;
duration of
hospitalization and
acute lung injury;
organ failuref

Taylor et al.
(93)

2004 28 ARDS and a PaO2:
FIO2 �250 mm
Hgb; patients with
severe sepsis,
nonpulmonary
organ failure, or
both, were
excluded

Nitrogen in 193
patients

5 ppm in 192
patients

Survival without need
for mechanical
ventilation during
the first 28 days

Oxygenation and positive
end-expiratory
pressured; 28-day
survival; survival after
successful 2-hr trial of
unassisted ventilation;
survival after
oxygenation criteria
was met for extubation

ARDS, acute respiratory distress syndrome; ppm, parts per million.
aPaO2:FIO2 denotes the partial pressure of arterial oxygen to the fraction of inspired oxygen; bdefinition of the American-European Consensus Conference

on the acute respiratory distress syndrome was used; cthe 80-ppm dose was stopped because of the consensus that the dose was likely to be higher than
the peak of the dose-response curve; dthere were significant differences in this outcome between the control group and the group receiving inhaled nitric
oxide; eof 268 patients with a response to nitric oxide, 180 underwent randomization; fthe group receiving inhaled nitric oxide had an increased incidence
of acute failure (as defined by a serum creatinine concentration of �3.5 mg/dL or the need for renal replacement therapy) (p � .03).

Reprinted with permission from Griffiths MJD, Evans TW: Inhaled nitric oxide therapy in adults. N Engl J Med 2005; 353:2683–2695.
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the onset of ARDS and with a higher rate
of neuromuscular weakness and in-
creased blood glucose concentrations;
however, no increase in infectious com-
plications was identified. These results do
not support the routine use of methyl-
prednisolone for persistent ARDS.

Surfactant Therapy

Regardless of the cause, a common
pathophysiologic feature of patients with
ARDS is a dysfunction of the endogenous
surfactant system. Exogenous surfactant
therapy is an effective standard of care in
neonates with ARDS (86, 87). No similar
current effective surfactant therapy exists

for adult patients with ARDS; however,
ongoing and future research efforts sug-
gest that this may eventually be feasible
(88, 89).

A multicenter, randomized, blinded
trial of calfactant (a natural lung surfac-
tant containing high levels of surfactant-
specific protein B) compared with pla-
cebo in 153 infants, children, and
adolescents with respiratory failure from
ALI documented that calfactant acutely
improved oxygenation and significantly
decreased mortality, although no signifi-
cant decrease in the course of respiratory
failure (duration of ventilation, ICU, or
hospital stay) was observed (90). Exoge-

nous surfactant may improve oxygen-
ation, but all clinical studies to date have
demonstrated no significant effect on the
death rate or length of use of mechanical
ventilation in adults.

Nitric Oxide

Inhaled nitric oxide is a selective pulmo-
nary vasodilator, resulting in decreased
pulmonary vascular resistance, pulmonary
arterial pressure, and right ventricular af-
terload. The selectivity of nitric oxide for
the pulmonary circulation is the result of
rapid hemoglobin-mediated inactivation of
nitric oxide. Two small single-center stud-
ies and four multicenter, randomized, pla-
cebo-controlled trials have failed to deter-
mine the therapeutic role of inhaled nitric
oxide in patients with acute respiratory fail-
ure. Low-dose inhaled nitric oxide in ALI
and ARDS has been associated with im-
proved short-term oxygenation but has had
no substantial impact on the duration of
mechanical ventilatory support or on mor-
tality (Table 3) (91–96). The improvement
in oxygenation associated with inhaled ni-
tric oxide has not been able to be translated
into improved clinical outcome. This may
be related to the fact that ARDS is a heter-
ogeneous condition with multiple causes
(pulmonary and extrapulmonary) and that
only a small minority of patients with
ARDS die of respiratory failure—the major-
ity die of multiple organ dysfunction and
failure. These data do not support the rou-
tine use of inhaled nitric oxide in the treat-
ment of ALI or ARDS, but it may be con-
sidered as a salvage therapy in patients who
continue to have life-threatening hypox-
emia, despite optimization of all other
treatment strategies.

Incremental Approach to the
Management of Patients with
Severe ARDS

In patients with severe refractory hypox-
emia, there is potential utility in the incre-
mental approach to ARDS management
(Fig. 9). Implementation of the specific
strategies we have discussed above may re-
sult in improved oxygenation, improved
pulmonary compliance, and ultimately,
survival in individual patients. There is also
the possibility that some of these interven-
tional strategies may have additive effects.
It is important to have full knowledge of the
results of prospective, randomized trials
that have carefully assessed the impact of
these treatment strategies on patient out-
come in ALI and ARDS. However, faced

Figure 9. An incremental approach to the management of catastrophic acute respiratory distress
syndrome. A high-level recruitment maneuver is used only in patients that are without neurologic
disease and bacterial pneumonia and that have adequate blood pressure, filling pressures, and cardiac
output. PEEP, positive end-expiratory pressure; PAOP, pulmonary artery occlusion pressure. Reprinted
with permission from Medoff BD, Shepard JO, Smith RN, et al: Case 17-2005: A 22-year-old woman
with back and leg pain and respiratory failure. N Engl J Med 2005; 352:2425–2434.
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with an individual patient with refractory
hypoxemia resulting from severe ARDS, it
is also important to be comfortable with
appropriate bedside implementation of
these potential treatment strategies for ALI
and ARDS.

REFERENCES

1. Ashbaugh DG, Bigelow DB, Petty TL, et al:
Acute respiratory distress in adults. Lancet
1967; 2:319–323

2. Bernard GR, Artigas A, Brigham KL, et al:
Report of the American-European consen-
sus conference on ARDS: Definitions,
mechanisms, relevant outcomes and clini-
cal trial coordination. Intensive Care Med
1994; 20:225–232

3. Rubenfeld GD, Caldwell E, Peabody E, et al:
Incidence and outcomes of acute lung in-
jury. N Engl J Med 2005; 353:1685–1693

4. Martin M, Salim A, Murray J, et al: The
decreasing incidence and mortality of acute
respiratory distress syndrome after injury: A
5-year observational study. J Trauma 2005;
59:1107–1113

5. Ware LB, Matthay MA: The acute respira-
tory distress syndrome. N Engl J Med 2000;
342:1334–1349

6. Vuuichard D, Ganter MT, Schimmer RC, et
al: Hypoxia aggravates lipopolysaccharide-
induced lung injury. Clin Exp Immunol
2005; 141:248–260

7. Ware LB: Prognostic dterminants of acute
respiratory distress syndrome in adults: Im-
pact on clinical trial design. Crit Care Med
2005; 33(3 Suppl):S217–S222

8. Tremblay LN, Slutsky AS: Ventilator-induced
lung injury: From the bench to the bedside.
Intensive Care Med 2006; 32:24–33

9. DosSantos CC, Slutsky AS: The contribu-
tion of biophysical lung injury to the devel-
opment of biotrauma. Annu Rev Physiol
2006; 68:585–618

10. Ranieri VM, Suter PM, Tortorella C, et al:
Effect of mechanical ventilation on inflamma-
tory mediators in patients with acute respira-
tory distress syndrome: A randomized, con-
trolled trial. JAMA 1999; 282:54–61

11. Webb HH, Tierney DF: Experimental pul-
monary 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

12. Dreyfuss D, Basset G, Soler P, et al: Inter-
mittent positive-pressure hyperventilation
with high inflation pressures produces pul-
monary microvascular injury in rats. Am
Rev Respir Dis 1985; 132:880–884

13. Tsuno K, Prato P, Kolobow T: Acute lung
injury from mechanical ventilation at mod-
erately high airway pressures. J Appl
Physiol 1990; 69:956–961

14. Schnapp LM, Chin DP, Szaflarski N, et al:
Frequency and importance of barotrauma

in 100 patients with acute lung injury. Crit
Care Med 1995; 23:272–278

15. Eisner MD, Thompson BT, Schoenfled D, et
al: Airway pressures and early barotrauma
in patients with acute lung injury and acute
respiratory distress syndrome. Am J Respir
Crit Care Med 2002; 165:978–982

16. Weg JG, Anzueto A, Balk RA, et al: The rela-
tion of pneumothorax and other air leaks to
mortality in the acute respiratory distress syn-
drome. N Engl J Med 1998; 338:341–346

17. Kolobow T, Moretti MP, Fumagalli R, et al:
Severe impairment in lung function induced
by high peak airway pressure during mechan-
ical ventilation: An experimental study. Am
Rev Respir Dis 1987; 135:312–315

18. Dreyfuss D, Soler P, Basset G, et al: High
inflation pressure pulmonary edema: Re-
spective effects of high airway pressure,
high tidal volume, and positive end-
expiratory pressure. Am Rev Respir Dis
1988; 137:1159–1164

19. Savel RH, Yao EC, Gropper MA: Protective
effects of low tidal volume ventilation in a
rabbit model of Pseudomonas aeruginosa-
induced acute lung injury. Crit Care Med
2001; 29:392–398

20. ARDS Clinical Trials Network: Ventilation
with lower tidal volumes as compared with
traditional tidal volumes for acute lung in-
jury and acute respiratory distress syn-
drome. N Engl J Med 2000; 342:1301–1308

21. Hough CL, Kallet RH, Ranieri VM, et al:
Intrinsic positive end-expiratory pressure in
Acute Respiratory Distress Syndrome
(ARDS) Network subjects. Crit Care Med
2005; 33:527–532

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

23. Rubenfeld GD, Cooper C, Carter G, et al:
Barriers to providing lung-protective venti-
lation to patients with acute lung injury.
Crit Care Med 2004; 32:1289–1293

24. Kahn JM, Andersson L, Karir V, et al: Low
tidal volume ventilation does not increase
sedation use in patients with acute lung
injury. Crit Care Med 2005; 33:766–771

25. Nathens AB, Johnson J, Minei J, et al: In-
flammation and the host reponse to injury,
a large-scale collaborative project: Patient-
oriented research core: Standard operating
procedures for clinical care: I. Guidelines
for Mechanical Ventilation of the Trauma
Patient. J Trauma 2005; 59:764–769

26. Hickling KG, Henderson SJ, Jackson R: Low
mortality associated with low volume pres-
sure limited ventilation with permissive hy-
percapnia in severe adult respiratory distress
syndrome. Intensive Care Med 1990; 16:
372–377

27. Bulger EM, Jurkovich GJ, Gentilello LM, et al:
Current clinical options for the treatment and
management of acute respiratory distress syn-
drome. J Trauma 2000; 48:562–572

28. Vinayak AG, Gehlbach B, Pohlman AS, et al:

The relationship between sedative infusion
requirements and permissive hypercapnia
in critically ill mechanically ventilated pa-
tients. Crit Care Med 2006; Apr 18 [Epub
ahead of print]

29. Hickling KG, Walsh J, Henderson S, et al:
Low mortality rate in adult respiratory dis-
tress syndrome using low-volume, pres-
sure-limited ventilation with permissive hy-
percapnia: A prospective study. Crit Care
Med 1994; 22:1568–1578

30. Sheridan RL, Kacmarek RM, McEttrick MM,
et al: Permissive hypercapnia as a ventila-
tory strategy in burned children: Effect on
barotrauma, pneumonia, and mortality.
J Trauma 1995; 39:854–859

31. Paulson TE, Spear RM, Silva PD, et al: High-
frequency pressure-control ventilation with
high positive end-expiratory pressure in chil-
dren with acute respiratory distress syn-
drome. J Pediatr 1996; 129:566–573

32. Kregenow DA, Rubenfeld GD, Hudson LD, et
al: Hypercapnic acidosis and mortality in
acute lung injury. Crit Care Med 2006; 34:
229–231

33. Roupie E, Dambrosio M, Servillo G, et al:
Titration of tidal volume and induced hy-
percapnia in acute respiratory distress syn-
drome. Am J Respir Crit Care Med 1995;
152:121–128

34. Artigas A, Bernard GR, Carlet J, et al: The
American-European consensus conference on
ARDS, part 2: Ventilatory, pharmacologic,
supportive therapy, study design strategies
and issues related to recovery and remodel-
ing. Intensive Care Med 1998; 24:378–398

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

36. Stewart TE, Meade MO, Cook DJ, et al:
Evaluation of a ventilation strategy to pre-
vent barotrauma in patients at high risk for
acute respiratory distress syndrome. N Engl
J Med 1998; 338:355–361

37. Brower RG, Lanken PN, MacIntyre N, et al:
Higher versus lower positive end-expiratory
pressures in patients with the acute respi-
ratory distress syndrome. N Engl J Med
2004; 351:327–336

38. Villar J, Kacmarek RM, Perez-Mendez L, et al:
A high positive end-expiratory pressure, low
tidal volume ventilatory strategy improves
outcome in persistent acute respiratory dis-
tress syndrome: A randomized, controlled
trial. Crit Care Med 2006; 34:1311–1318

39. Hager DN, Krishnan JA, Hayden DL, et al:
Tidal volume reduction in patients with
acute lung injury when plateau pressures
are not high. Am J Respir Crit Care Med
2005; 172:1241–1245

40. Habashi NM: Other approaches to open-
lung ventilation: Airway pressure release
ventilation. Crit Care Med 2005; 33(Suppl):
S228–S240

41. Fort P, Farmer C, Westerman J, et al: high-
frequency oscillatory ventilation for adult

S288 Crit Care Med 2006 Vol. 34, No. 9 (Suppl.)



respiratory distress syndrome: A pilot study.
Crit Care med 1997; 25:937–947

42. Mehta S, Lapinsky SE, Hallett DC, et al: Pro-
spective trial of high-frequency oscillation in
adults with acute respiratory distress syn-
drome. Crit Care Med 2001; 29:1360–1369

43. 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 Resp Crit
Care Med 2002; 166:801–808

44. Bollen CW, vanWell GTJ, Sherry T, et al: High
frequency oscillatory ventilation compared
with conventional mechanical ventilation in
adult respiratory distress syndrome: A ran-
domized controlled trial [ISRCTN24242669].
Crit Care 2005; 9:R430–R439

45. Mehta S, Granton J, MacDonald RJ, et al:
High-frequency oscillatory ventilation in
adults: The Toronto experience. Chest 2004;
126:518–527

46. Imai Y, Slutsky AS: High-frequency oscilla-
tory ventilation and ventilator-induced lung
injury. Crit Care Med 2005; 33(3 Suppl):
S129–S134

47. Higgins J, Estetter B, Holland D, et al:
High-frequency oscillatory ventilation in
adults: Respiratory therapy issues. Crit Care
Med 2005; 33(Suppl):S196–S203

48. Mols G, Priebe HJ, Guttmann J: Alveolar
recruitment in acute lung injury. Br J An-
aesth 2006; 96:156–166

49. Slutsky AS, Hudson LD: PEEP or No
PEEP—Lung recruitment may be the solu-
tion. N Engl J Med 2006; 354:1839–1841

50. Gattinoni L, Caironi P, Cressoni M, et al:
Lung recruitment in patients with the acute
respiratory distress syndrome. N Engl J Med
2006; 354:1775–1786

51. Lim CM, Jung H, Koh Y, et al: Effect of alve-
olar recruitment maneuver in early acute re-
spiratory distress syndrome according to an-
tiderecruitment strategy, etiological category
of diffuse lung injury, and body position of the
patient. Crit Care Med 2003; 31:411–418

52. Ferguson ND, Chiche JD, Kacmarek RM, et
al: Combining high-frequency oscillatory
ventilation and recruitment maneuvers in
adults with early acute respiratory distress
syndrome. Crit Care Med 2005; 33:479–486

53. Richter T, Bellani G, Scott Harris R, et al:
Effect of prone position on regional shunt,
aeration, and perfusion in experimental
acute lung injury. Am J Respir Crit Care
Med 2005; 172:480–487

54. Piehl MA, Brown RS: Use of extreme posi-
tion changes in acute respiratory failure.
Crit Care Med 1976; 4:13–14

55. Douglas WW, Rehder K, Beynen FM, et al:
Improved oxygenation in patients with
acute respiratory failure: The prone posi-
tion. Am Rev Respir Dis 1977; 115:559–566

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

57. Gattinoni L, Vagginelli F, Carlesso E, et al:
Decrease in PaCO2 with prone position is

predictive of improved outcome in acute
respiratory distress syndrome. Crit Care
Med 2003; 31:2727–2733

58. Curley MA, Hibberd PL, Fineman LD, et al:
Effect of prone positioning on clinical out-
comes in children with acute lung injury: A
randomized controlled trial. JAMA 2005; 294:
229–237

59. Mancebo J, Fernandez R, Blanch L, et al: A
multicenter trial of prolonged pron ventila-
tion in severe acute respiratory distress syn-
drome. Am J Respir Crit Care Med 2006;
Mar 23 [Epub ahead of print]

60. Bartlett RH, Roloff DW, Cornell RG, et al:
Extracorporeal circulation in neonatal re-
spiratory failure: A prospective randomized
study. Pediatrics 1985; 76:479–487

61. UK Collaborative ECMO Trial Group: UK
collaborative randomized trial of neonatal
extracorporeal membrane oxygenation.
Lancet 1996; 348:75–82

62. Extracorporeal Life Support Organization: An-
nual ECMO Registry Report. July 2003; http://
www.elso.med.umich.edu

63. Rich PB, Awad SS, Kolla S, et al: An ap-
proach to the treatment of severe adult re-
spiratory failure. J Crit Care 1998; 13:26–36

64. Hemmila MR, Rowe SA, Boules TN, et al:
Extracorporeal life support for severe acute
respiratory distress syndrome in adults.
Ann Surg 2004; 240:595–607

65. Reng M, Philipp A, Kaiser M, et al: Pumpless
extracorporeal lung assist and adult respi-
ratory distress syndrome. Lancet 2000;
356(9225):219–220

66. Ruettimann U, Ummenhofer W, Rueter F, et
al: Management of acute respiratory distress
syndrome using pumpless extracorporeal
lung assist. Can J Anaesth 2006; 53:101–105

67. Bein T, Scherer MN, Philipp A, et al: Pump-
less extracorporeal lung assist (pECLA) in
patients with acute respiratory distress syn-
drome and severe brain injury. J Trauma
2005; 58:1294–1297

68. Zimmerman M, Bein T, Philipp A, et al: In-
terhospital transportation of patients with se-
vere lung failure on pumpless extracorporeal
lung assist. Br J Anaesth 2006; 96:63–66

69. Adhikari N, Burns KE, Meade MO: Pharma-
cologic treatments for acute respiratory dis-
tress syndrome and acute lung injury: Sys-
tematic review and meta-analysis. Treat
Respir Med 2004; 3:307–328

70. ARDS Network: Ketoconazole for the early
treatment of acute lung injury and acute re-
spiratory distress syndrome: A randomized
controlled trial. JAMA 2000; 283:1995–2002

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

72. Adhikari N, Burns KE, Meade MO: Phmarco-
logic therapies for adults with acute lung in-
jury and acute respiratory distress syndrome.
Cochrane Database Syst Rev 2004; 18:
CD004477

73. Schultz MJ, Haitsma JJ, Zhang H, et al:

Pulmonary coagulopathy as a new target in
therapeutic studies of acute lung injury or
pneumonia—A review. Crit Care Med 2006;
34:871–877

74. Bone RC, Fisher CJ Jr, Clemmer TP, et al:
Early methylprednisolone treatment for
septic syndrome and the adult respiratory
distress syndrome. Chest 1987; 92:
1032–1036; erratum: Chest 1988; 94:448]

75. Luce JM, Montgomery AB, Marks JD, et al: In-
effectiveness of high-dose methylprednisolone
in preventing parenchymal lung injury and im-
proving mortality in patients with septic shock.
Am Rev Respir Dis 1988; 138:62–68

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

77. Weigelt JA, Norcross JF, Borman KR, et al:
Early steroid therapy for respiratory failure.
Arch Surg 1985; 120:536–540

78. Ashbaugh DG, Maier RV: Idiopathic pulmo-
nary fibrosis in adult respiratory distress
syndrome: Diagnosis and treatment. Arch
Surg 1985; 120:530–535

79. Biffl WL, Moore FA, Moore EE, et al: Are
corticosteroids salvage therapy for refrac-
tory acute respiratory distress syndrome?
Am J Surg 1995; 170:591–596

80. Hooper RG, Kearl RA: Established ARDS
treated with a sustained course of adreno-
cortical steroids. Chest 1990; 97:138–143

81. Braude S, Haslam P, Hughes D, et al:
Chronic adult respiratory distress syn-
drome—A role for corticosteroids? Crit
Care Med 1992; 20:1187–1189

82. Keel JB, Hauser M, Stocker R, et al: Estab-
lished acute respiratory distress syndrome:
Benefit of corticosteroid rescue therapy.
Respiration 1998; 65:258–264

83. Meduri GU, Belenchia JM, Estes RJ, et al:
Fibroproliferative phase of ARDS: Clinical
findings and effects of corticosteroids.
Chest 1991; 100:943–952

84. Meduri GU, Headley AS, Golden E, et al:
Effect of prolonged methylprednisolone
therapy in unresolving acute respiratory
distress syndrome: A randomized controlled
trial. JAMA 1998; 280:159–165

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

86. Stevens TP, Blennow M, Soll RF: Early sur-
factant administration with brief ventilation
vs selective surfactant and continued me-
chanical ventilation for preterm infants
with or at risk for RDS. Cochrane Database
Syst Rev 2002; (2):CD003063

87. Sinha SK, Lacaze-Masmonteil T, Valls I, et
al: A multicenter, randomized, controlled
trial of lucinanctant versus poractant alfa
among very premature infants at high risk
for respiratory distress syndrome. Pediat-
rics 2005; 115:1030–1038

88. Spragg RG, Lewis JF, Walmrath HD, et al:
Effect of recombinant surfactant protein

S289Crit Care Med 2006 Vol. 34, No. 9 (Suppl.)



C-based surfactant on the acute respira-
tory distress syndrome. N Engl J Med
2004; 31:884 – 892

89. Baudouin SV: Exogenous surfactant re-
placement in ARDS—One day, someday, or
never? N Engl J Med 2004; 351:853–855

90. Wilson DF, Thomas NJ, Markovitz BP, et al:
Effect of exogenous surfactant (calfactant) in
pediatric acute lung injury: A randomized
controlled trial. JAMA 2005; 293:470–476

91. 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. Crit Care Med 1998; 26:15–23

92. Lundin S, Mang H, Smithies M, et al: Inha-
lation of nitric oxide in acute lung injury:
Results of a European multicentre study.
Intensive Care Med 1999; 25:911–919

93. Taylor RW, Zimmerman JL, Dellinger RP,
et al: Low-dose inhaled nitric oxide in
patients with acute lung injury: A ran-
domized controlled trial. JAMA 2004; 291:
1603–1609

94. Payen D, Vallet B: l’ARDS GdEdNd: Results
of the French prospective multicentric ran-
domised double-blind placebocontrolled
trial on inhaled nitric oxide (NO) in ARDS.
Abstr. Intensive Care Med 1999; 25:S166

95. Sokol J, Jacobs SE, Bohn D: Inhaled nitric
oxide for acute hypoxic respiratory failure
in children and adults: A metaanalysis.
Anesth Analg 2003; 97:989–998

96. Griffiths MJ, Evans TW: Inhaled nitric oxide
therapy in adults. N Engl J Med 2005; 353:
2683–2695

S290 Crit Care Med 2006 Vol. 34, No. 9 (Suppl.)


