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Rescue Therapies for Acute Hypoxemic
Respiratory Failure
Linda L. Liu, MD, J. Matthew Aldrich, MD, David W. Shimabukuro, MDCM, Kristina R. Sullivan, MD,
John M. Taylor, MD, Kevin C. Thornton, MD, and Michael A. Gropper, MD, PhD

The recent H1N1 epidemic has resulted in a large number of deaths, primarily from acute
hypoxemic respiratory failure. We reviewed the current strategies to rescue patients with
severe hypoxemia. Included in these strategies are high-frequency oscillatory ventilation,
airway pressure release ventilation, inhaled vasodilators, and the use of extracorporeal life
support. All of these strategies are targeted at improving oxygenation, but improved
oxygenation alone has yet to be demonstrated to correlate with improved survival. The risks
and benefits of these strategies, including cost-effectiveness data, are discussed. (Anesth
Analg 2010;111:693–702)

Acute lung injury (ALI)1 and acute respiratory dis-
tress syndrome (ARDS) are devastating disorders
affecting up to 200,000 patients each year in the

United States.2 Acute hypoxemia remains a major cause of
morbidity and mortality in this patient population, and
approximately 40% of these patients die. The recent pan-
demic of H1N1 influenza has resulted in !16,000 deaths
worldwide* and has renewed interest in rescue therapies
for hypoxemia. Recent studies3–5 demonstrate that a larger
percentage of hospitalized patients with either confirmed
or presumed H1N1 will require admission to the intensive
care unit (ICU),6 most of whom will have severe respiratory
failure. An observational study of H1N1 patients in the
United States demonstrated a 25% ICU admission rate,
with !60% of patients requiring mechanical ventilation.4

Other recently completed studies of H1N1 patients in
Canada and Australia/New Zealand demonstrated similar
demand for critical care services with a high incidence of
severe respiratory failure. Data from Australia and New
Zealand revealed that !64% of patients admitted to the
ICU with 2009 H1N1 required mechanical ventilation for a
median period of 8 days.5 A prospective observational
study from Canada revealed that among 168 patients with
confirmed or probable 2009 H1N1, !80% required me-
chanical ventilation for a median duration of 12 days.5

Unlike most patients with ALI or ARDS, these patients are
relatively young and present with severe respiratory
failure/ARDS that is notable for often difficult to manage
hypoxemia. Despite maximal support with modern treat-
ment strategies including lung protective ventilation, prone

positioning, inhaled pulmonary vasodilators, and high-
frequency oscillatory ventilation (HFOV), a substantial
percentage of H1N1 patients have demonstrated refractory
hypoxemia and hypercarbia. In most patients with tradi-
tional ALI and ARDS,5 oxygenation can be adequately
supported using measures such as positive end-expiratory
pressure (PEEP) or increasing inspired oxygen concentra-
tion. Because of the severe hypoxemia seen in these pa-
tients, there has been renewed interest in salvage therapies
for severe hypoxemia. This review examines the currently
available salvage therapies for ALI and ARDS, and the
evidence supporting their use.

PROTECTIVE MECHANICAL VENTILATION
The current standard of care for ALI and ARDS is the use
of protective mechanical ventilation. Although it is not the
purpose of this review to provide a detailed discussion of
lung protection, the ARDSNet trial, which compared lower
tidal volumes (Vt) (6 mL/kg ideal body weight) to higher
Vt (12 mL/kg ideal body weight) in patients with ALI,
found a nearly 25% reduction in mortality.7 Although not
consistently applied in patients with ALI/ARDS, low Vt
ventilation and limitation of inspiratory plateau pressures
remain the most effective treatment. It must be remem-
bered that in patients enrolled in the ARDSNet trial,
Pao2/fraction of inspired oxygen (Fio2) was significantly
higher in the first 3 days in patients randomized to higher
Vt, yet these patients had higher mortality. Caution should
be exercised, therefore, in assuming that an intervention
that merely improves oxygenation will prove beneficial.

Low Vt mechanical ventilation minimizes lung stretch
in an effort to avoid ventilator-induced lung injury, specifi-
cally barotrauma (lung injury from high pressure), vo-
lutrauma (lung injury from overdistention), atelectrauma
(injury from cyclic collapse and opening of lung units), and
biotrauma (lung injury from inflammatory mediator
release). Intrinsic to a lung protection strategy is the under-
standing that most patients can tolerate permissive hyper-
capnia with accompanying mild acidosis. There are few
strategies to improve oxygenation in patients undergo-
ing protective mechanical ventilation: increase Fio2, in-
crease mean airway pressure by increasing PEEP, or

*Pandemic (H1N1) 2009: Update 90. Available at: http://www.who.int/csr/
don/2010_03_05/en/index.html. Accessed March 7, 2010.
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increase mean airway pressure by prolonging the in-
spiratory phase. If these simple interventions are unsuc-
cessful in providing adequate oxygenation, then salvage
therapies need to be considered.

LUNG RECRUITMENT MANEUVERS
Patients with ALI/ARDS have heterogeneous lung collapse
resulting in shunt and ventilation/perfusion (V̇/Q̇) mis-
matching. Reexpansion or recruitment of collapsed lung
units will improve oxygenation on a temporary basis.
Rothen et al.8 were the first to use computed tomography to
demonstrate that recruitment maneuvers (RMs) restored
atelectatic lung segments after general anesthesia. In 1992,
Lichtwarck-Aschoff et al.9 provided the first description of
lung recruitment as a therapy for improved pulmonary
function in an animal model of ARDS. In 1998, Amato et
al.10 conducted the first randomized controlled trial that
incorporated RMs with a low Vt ventilation strategy. It was
suggested at that time that RMs would positively affect
outcomes based on improved oxygenation.

A common feature of RMs is a prolonged increase in
intrathoracic pressure. This increased pressure will neces-
sarily reduce venous return such that these maneuvers are
frequently associated with hypotension. Despite multiple
studies, the mechanism of action of RMs is not clear. It
seems that by increasing mean airway pressure throughout
heterogeneous lung segments, areas of lung that have
collapsed are opened. RMs improve ventilation and oxy-
genation by increasing the total lung capacity. Several types
of RMs have been used. Amato et al.10 used continuous
positive airway pressure of 40 cm H2O for 40 seconds
followed by PEEP set 2 cm H2O above the lower inflection
point on the patient’s pressure-volume curve (lower Pflex).
This procedure proves to be cumbersome because it re-
quires generation and interpretation of pressure-volume
curves. Another method of lung recruitment named decre-
mental PEEP adjustments was described by Hickling11 and
Girgis et al.12 In this method, PEEP is decreased during low
Vt ventilation to determine optimal lung compliance and
the minimum PEEP level that optimizes oxygenation.

A provocative study by Gattinoni et al.13 examined the
relationship between the percentage of potentially re-
cruitable lung and outcomes in 68 patients with ARDS.
Interestingly, patients with a larger percentage of re-
cruitable lung had inferior oxygenation and lung compli-
ance, increased dead-space fraction, and significantly
increased mortality. They explained their results by sug-
gesting that patients with increased fractions of potentially
recruitable lung likely had more severe underlying lung
injury and therefore increased atelectasis at baseline.

Despite multiple clinical trials, there has not been a clear
signal that RMs provide benefit. A systematic review by
Fan et al.14 that included 40 studies and 1185 patients
showed that patients with ALI treated with RMs had
transiently increased oxygenation with no significant in-
crease in complications. Most common complications were
transient, self-limited hypotension and oxygen desatura-
tion. The authors concluded that RMs cannot be recom-
mended or discouraged based on current evidence and
should be considered for use on an individualized basis in
patients with life-threatening hypoxemia.

PRONE POSITIONING
Prone positioning was first proposed by Bryan15 in 1974 as
physiotherapy for pediatric ICU patients. It has since gained
popularity in adult patients because of its ability to improve
oxygenation in patients with hypoxic respiratory failure.
Pelosi et al.16 in a comprehensive review of prone positioning
ventilation in 2002 concluded that the beneficial physiologic
effects of prone positioning could be attributed to recruitment
of dorsal lung segments, improved V̇/Q̇ matching, and more
homogeneous distribution of ventilation.

There are 2 methods of providing prone positioning
ventilation. Traditionally, the patient is turned from supine
to prone position on a standard ICU bed. This requires 3 to
6 specially trained people to ensure patient and provider
safety. The other method is use of a proprietary bed that
rotates the patient from the supine to the prone position.
Regardless of the method used, patient safety concerns are
the same. The most concerning side effects are airway
compromise (loss of endotracheal tube or tracheostomy
tube) by kinking or removal, loss of vascular access,
pressure ulcers, and cardiac arrest.

Unfortunately, similar to positive pressure RMs, clear
outcome benefit of prone positioning ventilation has not
been demonstrated.17–19 A recent meta-analysis including 4
trials and 1271 patients concluded that the odds ratio for
ICU mortality was 0.97 (95% confidence interval [CI]
0.77–1.22) for prone versus supine ventilation in patients
with hypoxemic respiratory failure.20 The only faintly
positive result was in the more severely ill group, in which
prone positioning was favored (odds ratio 0.34; 95% CI
0.18–0.66). The caveat was that prone positioning was
associated with a higher risk of pressure sores, and a trend
for more complications related to the endotracheal tube.
Alsaghir and Martin21 also confirmed these results in a
different meta-analysis. Most recently, in a study not in-
cluded in the meta-analysis, Taccone et al.22 were unable to
find any benefit at all with prone positioning. Prone and
supine patients had similar 28-day mortality rates. Out-
comes were also similar for patients with moderate or
severe hypoxemia. There were still higher complication
rates related to prone positioning. When all of the available
trials are included in the most recent meta-analysis by Sud
et al.,23 prone ventilation only reduced mortality in patients
with Pao2/Fio2 "100 mm Hg (relative risk 0.84; 95% CI
0.74–0.96; P # 0.01), but the complications such as pressure
ulcers, endotracheal tube obstruction, and chest tube dis-
lodgement persisted. The authors concluded that given the
associated risks, prone ventilation should not be routine for
all patients, and only considered for the severely hypoxic.

At this time, there are no studies that specifically ad-
dress the use of prone positioning in the setting of
H1N1/influenza infection. However, given the profound
hypoxemia that accompanies ARDS associated with influ-
enza, RMs or prone positioning may be considered on an
individual basis in patients with severe hypoxemia. Al-
though mortality benefit has not been demonstrated, these
techniques may serve as temporizing measures.

AIRWAY PRESSURE RELEASE VENTILATION
Airway pressure release ventilation (APRV; BiLevel in
Europe) is a time-triggered, pressure-limited, time-cycled
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mode of mechanical ventilatory support. In essence, a high
level of continuous airway pressure (Phigh) is applied for a
specified time (Thigh) with very brief periods (Tlow) of
release to a low level of continuous airway pressure (Plow).
Figure 1 shows a pressure waveform describing APRV.
APRV allows for a prolonged time at a higher mean airway
pressure, thereby maintaining adequate lung volume and
increasing alveolar recruitment to improve oxygenation.
Depending on the severity of the lung injury, it may take up
to 24 hours to see improvements in oxygenation. Some
ventilation with elimination of carbon dioxide is achieved
via the pressure release from Phigh to Plow. Primary venti-
lation occurs with spontaneous breathing that is allowed at
all pressure levels because of an active expiratory valve.

APRV probably has no advantages over conventional
mechanical ventilation (CV) unless the patient is breathing
spontaneously. In fact, in a heavily sedated and/or paralyzed
patient, APRV is akin to time-cycled, pressure-limited, inverse
ratio ventilation (pressure-controlled ventilation). With spon-
taneous ventilation, posterior- and caudal-dependent areas of
atelectasis and lung consolidation improve when strong
diaphragmatic excursion is allowed to occur from contrac-
tion. This would then improve ventilation and perfusion
matching, resulting in improved oxygenation.24–27 A spon-
taneously breathing patient would also have improved
venous return with attenuation of a decrease in cardiac
output caused by positive intrathoracic pressures from
mechanical ventilation. A simultaneous decrease in right
atrial pressure increases the inferior vena cava/right
atrium gradient augmenting venous return. Experimental
data have shown this to be the case despite the addition of
high continuous positive airway pressure levels in sponta-
neously breathing patients. Adding pressure support to
these breaths would more than likely eliminate these
advantages.27,28

APRV can be initiated immediately after endotracheal
intubation or as a rescue therapy after a trial of CV or
HFOV. Initial Phigh is normally the existing plateau pres-
sure when transitioning from CV or mean airway pressure
(Paw) plus 2 to 4 cm H2O when changing from HFOV. Plow

is always set at 0 cm H2O to maximize expiratory flow. Tlow

is usually set between 0.2 and 0.8 seconds. As patients are
allowed to breathe spontaneously, pressure support can be
added. This is not recommended because it negates the
advantages of diaphragm movement on V̇/Q̇ matching
explained previously.

After the initiation of APRV, there may need to be
adjustments based on the degree of hypoxia and hypercap-
nia. To improve oxygenation, there needs to be an increase
in Paw. Increasing Plow, increasing Phigh, increasing Thigh, or
decreasing Tlow can achieve this. As patients are spontane-
ously breathing, to improve ventilation and CO2 clearance,
a provider can increase the Phigh or increase the number of
releases per minute. By increasing the pressure gradient
between the Phigh and Plow, Vt is augmented. Care should
be taken not to increase the Vt beyond the recommended
low Vt ventilation, if at all possible. Ventilation can also be
improved by increasing the rate. However, by doing so, the
amount of time spent at Thigh decreases and there can be a
consequent decrease in oxygenation.

Intuitively, APRV should require less sedation as venti-
lator synchrony is less of an issue. Oversedation is avoided
and is considered detrimental, because spontaneous
breaths are imperative for adequate ventilation and im-
proved oxygenation. Indeed, early studies evaluating the
utility of APRV showed that patients receiving APRV
required significantly less sedation than those receiving
traditional modes of mechanical ventilation.29–36 However,
these studies were small and some involved paralysis of the
control patients. A recent study did show less usage of
sedatives and analgesics in patients receiving APRV com-
pared with patients receiving assist-control ventilation.37

Interestingly, the majority of patients receiving APRV had
primarily surgical/trauma diagnoses whereas the majority
of patients receiving assist-control ventilation were medical
patients. The medical patients did have a higher Acute
Physiology and Chronic Health Evaluation (APACHE) II
score.37 A larger multicenter trial needs to be done to
confirm these results.

Patients supported with APRV seem to require less
sedation, which can lead to an increase in ventilator-free
days and decrease in ICU stay. In 6 small crossover studies,
APRV was shown to require lower inflation pressures and
resulted in a higher Pao2/Fio2 ratio compared with
CV.29–34 In these studies, there was no apparent difference
or there was an improvement in the Pao2/Fio2 ratio with
APRV despite lower peak airway pressures. However,
some of the studies have been questioned because of
control groups that were not consistent with ARDSNet
ventilator settings or involved heavy sedation and paraly-
sis.38 It should be noted that there are few studies available
comparing APRV to standard CV. The small single-center
studies that are available are all from the same group and
have not shown any benefit with APRV over synchronized
intermittent mandatory ventilation when focusing on
ventilator-free days or mortality.

HIGH-FREQUENCY OSCILLATORY VENTILATION
The potential advantages of HFOV include: delivery of
small Vt to limit alveolar overdistension, use of a higher
mean airway pressure (mPaw) to promote more alveolar
recruitment, and maintenance of a constant mPaw during

Figure 1. Pressure waveform describing airway pressure release
ventilation. Two pressure levels are set (Phigh and Plow). Note that
inspiratory/expiratory time is prolonged and that the patient
breathes spontaneously throughout the cycle.
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inspiration and expiration to prevent alveolar damage from
recruitment and derecruitment (atelectrauma). The vari-
ables that are controlled directly on the SensorMedics
3100B ventilator (VIASYS Healthcare, Yorba Linda, CA) are
frequency, amplitude of ventilation (power or $P), mPaw,
bias gas flow rate, percentage of inspiratory time, and Fio2.
Figure 2 is a schematic of HFOV.

A bias flow of humidified gas, along with a resistance
valve in the circuit, is used to control the mPaw within the
circuit. The set power on the ventilator ($P) controls the
distance that the piston pump moves. The oscillating piston
pump then vibrates the gas at a set frequency, which
achieves gas exchange by delivering very small Vt. The
return stroke of the piston during expiration creates a
vacuum, leading to active expiration of gas, which is
unique to HFOV compared with other modes of high-
frequency ventilation. Problems with hypoxemia may be
resolved by increasing Fio2, performing RMs, or increasing
mPaw by increasing the bias flow, reducing the amount of
gas vented out of the resistance valve, or increasing inspira-
tory time.

The exact timing (early versus late) and the severity
level at which to transition to HFOV remain debatable. A
consensus protocol for the initiation of HFOV and transi-
tion back to CV is lacking. A round table discussion was
held in 200739 to recommend clinical thresholds for the
institution of HFOV. Data extracted from randomized trials
and cohort studies suggest that prolonged CV before
transition to HFOV is not related to mortality.40 Instead, the
oxygenation index defined as (Fio2 % mean airway pres-
sure %100)/Pao2 is a more powerful predictor of mortality
(relative risk 1.10; 95% CI 0.95–1.28).

Unfortunately, a large definitive clinical trial using
HFOV in adults with ARDS is lacking and the literature in
adults is mostly case series with only 2 randomized con-
trolled trials reported. There are more extensive data in
neonates, in whom numerous randomized clinical trials
have been completed over the past 3 decades. However,
data from neonatology cannot be extrapolated with confi-
dence to adult medicine because of the pathologic differ-
ence in lung diseases (respiratory distress of a newborn
versus ARDS) and different ventilator settings and respira-
tory care equipment.

Derdak et al.41 conducted the largest multicenter ran-
domized controlled trial that compared the safety and
effectiveness of HFOV with CV in adults with ARDS. One
hundred forty-eight patients with ARDS were randomized
to CV versus HFOV. Although there was an initial im-
provement in Pao2/Fio2 with HFOV (P # 0.008), this
difference did not persist beyond 24 hours. Mortality at 30
days was 37% in the HFOV group and 52% in the CV group
(P # 0.102). The percentage of patients alive without
mechanical ventilation at day 30 was 36% in the HFOV
group and 31% in the CV groups (P # 0.686). There were no
significant differences in hemodynamic variables, oxygen-
ation failure, ventilation failure, barotrauma, or mucus
plugging between the groups. The authors concluded that
HFOV is a safe and effective ventilation mode for the
treatment of ARDS. However, the improvement in oxygen-
ation with HFOV was not sustained beyond 24 hours and
improved oxygenation did not correlate with increased
survival. Second, this trial was designed before the publi-
cation of the ARDSNet trial,7 so the Vt (10.6 mL/kg
predicted body weight) and peak airway pressures (38 & 9
cm H2O) in the control group were higher than are cur-
rently considered the standard of care. The mortality trend
in favor of HFOV may not be present in a more contempo-
rary trial.

Bollen et al.42 conducted a multicenter randomized
controlled trial of HFOV versus CV in 61 adults with
ARDS. A low Vt strategy was used (average Vt was 8
mL/kg predicted body weight). There were no significant
differences in survival, therapy failure, or crossover rates
between the 2 groups. In the HFOV group, the oxygenation
index was significantly higher than in the CV group
between the first and the second day, but the response of
the oxygenation index to treatment did not predict survival
versus death. The study was small and only had power to
detect major differences in survival outcome, but there
were no significant differences or even trends in mortality
benefit when lower Vt was used in the CV group.

The Canadian Critical Care Trials group is conducting
one more trial. The OSCILLATE (The Oscillation for ARDS
Treated Early) trial is undergoing pilot studies and hopes to
answer the question of lung protection in patients with
ARDS ventilated with HFOV or conventional low Vt
ventilation within 72 hours of intubation.† The enrollment
of patients in the pilot study has been completed, but the
data are currently under analysis.

†The Oscillation for ARDS Treated Early (OSCILLATE) Trial Pilot Study.
Available at: http://clinicaltrials.gov/ct2/show/NCT00474656. Accessed
March 7, 2010.

Figure 2. Schematic of high-frequency oscillatory ventilation. The
piston oscillator provides active positive and negative pressure.
Adjustment of the inspiratory bias flow and gas outflow valve
determine mean airway pressure. ETT # endotracheal tube.
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The data are inconclusive regarding the potential ben-
efits of HFOV. Papazian et al.44 compared in humans the
physiologic and inflammatory effects of the combination of
HFOV and prone positioning in patients with severe
ARDS. With a prospective randomized design, 39 ARDS
patients after 12 hours of CV received CV in prone position,
or HFOV in supine or prone position. Interleukin-8 levels
were significantly higher in the bronchoalveolar fluid of
patients in both supine and prone HFOV groups versus
CV. Whereas prone HFOV increased the Pao2/Fio2 ratio
similarly to prone CV, prone HFOV was associated with
higher bronchoalveolar fluid indices of inflammation. Our
understanding of the effects of HFOV in humans is very
rudimentary. The findings of Papazian et al. are concern-
ing, and may explain why improvements in gas exchange
with HFOV, such as prone ventilation, inhaled nitric oxide
(iNO), and high PEEP,19,45,46 have not always resulted in
improved survival.

INHALED NITRIC OXIDE AND
INHALED PROSTACYCLIN
The use of inhaled selective pulmonary vasodilators in the
treatment of severe hypoxemia due to ARDS and ALI has
been described in case reports and several clinical trials.
Physiologically, this is an attractive treatment strategy.
Although systemically administered pulmonary vasodila-
tors carry the risk of reductions in systemic vascular
resistance and resultant hypotension, inhalational delivery
of short-acting substances has shown a high degree of
pulmonary selectivity with minimal systemic effects. Fig-
ure 3 demonstrates the delivery of inhaled vasodilators.
Theoretically, inhaled delivery of selective pulmonary va-
sodilators allows for recruitment of blood flow to ventilated
lung units, sparing the nonventilated units, and thus im-
proving V̇/Q̇ matching and hypoxemia. iNO and aerosol-
ized prostacyclin are the 2 best studied selective pulmonary
vasodilators that have been used in ARDS. Both have
demonstrated efficacy at improving indices of oxygenation
and reducing pulmonary vascular resistance. However, the
effects on oxygenation seem to be short-lived and no study
has been able to demonstrate an improvement in mortality
or duration of mechanical ventilation.

Nitric oxide (NO) is a colorless, odorless gas, which
mediates relaxation of vascular smooth muscle through acti-
vation of guanylyl cyclase and subsequent production of
cyclic GMP.47 Because of rapid inactivation by hemoglobin,

NO has an exceedingly short half-life (seconds), which allows
for selective pulmonary vasodilation when administered via
inhalation without causing systemic vasodilation. Adminis-
tration of iNO requires specialized equipment and its use can
be quite costly. Because of its ability to promote pulmonary
vasodilation, it has become an attractive treatment for both
pulmonary hypertension and refractory hypoxemia. Disad-
vantages, although rare, include the accumulation of nitrogen
dioxide and methemoglobinemia as well as in vitro evidence
of deleterious effects on platelet aggregation and adhesion. At
doses !40 ppm, methemoglobinemia can result from interac-
tions between NO and oxyhemoglobin. Although rare, it is
reasonable to consider periodic monitoring for methemoglo-
bin. Effects on platelet aggregation and adhesion have also
been described but have not been shown to be clinically
relevant. Finally, nitrogen dioxide, formed when NO is ad-
ministered with high levels of oxygen, and other reactive
nitrogen species formed because of in vivo reactions of NO,
may be cytotoxic and have proinflammatory effects.

A meta-analysis revealed that although iNO improved
indices of oxygenation in the first 24 hours of ARDS
treatment (with some studies showing improvement to 96
hours), there was also an increased risk of renal dysfunc-
tion and a trend toward increased mortality associated with
the use of iNO.48 These authors found that development of
both methemoglobinemia and nitrogen dioxide was rare.
They concluded that although iNO should not be routinely
used for patients with ARDS and ALI, its use could still be
considered in the setting of life-threatening hypoxemia.

Effects on oxygenation are modest but can be substantial
in selected patients with severe hypoxemia. The dose range
for iNO is 2 to 80 ppm and there can be significant
interpatient variability.47 The usual response is approxi-
mately a 20% increase in the Po2 in blood with the most
profound effect occurring at the lower end of the dose
range (up to 20 ppm). It is recommended to start with a low
initial dose (5 ppm) and titrate to a clinical end point
periodically (every 30 minutes) up to 40 ppm. If no re-
sponse occurs, iNO should be discontinued.‡ High doses
(!40 ppm) have been associated with worsening oxygen-
ation. This has been postulated to be caused by increased
shunt precipitated by either “overflow” of NO into poorly
ventilated lung units or by hemoglobin-bound NO species.

‡Available at: www.thoracic.org/clinical/critical-care/salvage-therapies-
h1n1/pages/inhaled-vasodilators.php. Accessed March 7, 2010.

Figure 3. Delivery of inhaled nitric oxide (NO) to
improve ventilation/perfusion (V̇/Q̇) matching. Note
that vasodilation will occur selectively in areas
where ventilation with NO occurs.
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Caution must be used when withdrawing iNO because
rebound pulmonary hypertension may result. It is recom-
mended that a slow wean be performed with dose reduc-
tions made every 2 hours.

Prostacyclin, or epoprostenol, has been shown to have
similar effects on the pulmonary vasculature as NO and has
found extensive use in the treatment of pulmonary hyper-
tension.49,50 It has a very short half-life because of degra-
dation to a much less potent metabolite. Although IV
delivery, conventionally used in the treatment of pulmo-
nary hypertension, would likely worsen shunting seen in
ARDS/ALI, delivery by an inhaled route allows for the
same, targeted delivery as with iNO.51 Requiring no spe-
cialized delivery system, inhaled aerosolized prostacyclin
(iAP) is also less costly than iNO. Platelet dysfunction is
still a concern, but has not been shown to be of clinical
significance.

There are only a few small studies evaluating iAP in
patients with ARDS. All have shown efficacy at improving
oxygenation and one sought to further characterize the
dose-response relationship over the dose range of 10 to 50
ng/kg/min.52 The authors were able to demonstrate im-
provements in indices of oxygenation at low doses with no
demonstrable effects on pulmonary or systemic pressures.
Although a clear dose-response relationship was demon-
strated, they noted that the most profound effect was seen
at initiation of the lowest dose (10 ng/kg/min) and postu-
lated that the active metabolite of prostacyclin may be
limiting the effects at high doses because of nonselective
pulmonary vasodilation.

Delivery requires continuous nebulization of a reconsti-
tuted prostacyclin solution. Using a constant infusion rate
of prostacyclin solution infused into an in-line nebulizer
apparatus, the concentration of prostacyclin must be
changed to alter the delivered dose.52 Bronchospasm may
result from aerosol delivery to the lung. Some authors have
suggested starting at the highest dose and then down-
titrating.‡ This will allow for the most rapid assessment of
efficacy in a given patient, but caution must be used
because the metabolite of prostacyclin does have vasodila-
tory properties and the lowest effective dose will minimize
its accumulation. If no response occurs, therapy should be
discontinued.

Although use of neither iNO nor iAP has reduced
mortality in patients with ARDS/ALI, both can afford
modest, short-term improvements in oxygenation, which
can be significant in patients with severe, refractory hypox-
emia. Either can be used to support patients until they
recover, or alternative therapies can be used.

EXTRACORPOREAL LIFE SUPPORT
Extracorporeal life support has traditionally been used as
cardiopulmonary bypass during cardiac surgery. With se-
vere respiratory failure, it is logical to ask whether extra-
corporeal support could be used to support oxygenation
and ventilation while the underlying infection and lung
injury are treated. Anecdotally, extracorporeal membrane
oxygenation (ECMO) is being used to treat patients with
severe hypoxemia from H1N1 pneumonitis and has been
used at our institution in 9 such patients. Given the
extraordinary cost and resource utilization required for this

rescue therapy, careful consideration of its efficacy must be
considered.

The first randomized controlled trial comparing ECMO
to conventional ventilator therapy in adults with acute
respiratory failure was published by Zapol et al. in 1979.53

Survival rates were poor in both arms (fewer than 10%) and
the study failed to show any advantage of using ECMO. In
1994, Morris et al.54 published the results of a second
randomized controlled trial comparing extracorporeal car-
bon dioxide removal and low intermittent positive pressure
ventilation versus pressure-controlled inverse ratio ventila-
tion in adults with respiratory failure. This study also failed
to show a significant difference in survival between the 2
groups (33% in the extracorporeal carbon dioxide removal
group versus 42% in the pressure-controlled inverse ratio
ventilation group). In a single-center study of patients with
ARDS, Ullrich et al.55 showed a surprising survival of 80%
when a stepwise protocol including APRV, iNO, prone
positioning, and ECMO was used.

Fueled by the potential benefits of ECMO demonstrated
in several case series,56–58 advocates of this therapy have
sought a randomized controlled trial of modern ECMO
techniques in adults with respiratory failure. The CESAR
(Conventional Ventilatory Support Versus Extracorporeal
Membrane Oxygenation for Severe Adult Respiratory Fail-
ure) trial was a randomized controlled trial evaluating
conventional ventilatory support versus a protocol that
included ECMO for severe respiratory failure in adults. The
primary outcome measure was death or severe disability at
6 months. One hundred eighty patients were enrolled and
randomly allocated to consideration for treatment by
ECMO versus conventional therapy. Consideration for
ECMO was based on a Murray score of !3 (based on
Pao2/Fio2 ratio, PEEP, lung compliance, chest radiograph
appearance, and Fio2 # 1.0) or uncompensated hypercap-
nia with a pH "7.2. Ninety patients were allocated to a
highly experienced center for consideration of ECMO. If
hemodynamically stable, they were placed on a standard
protocol that included a low-pressure ventilation strategy,
optimization of PEEP and Fio2, diuresis, prone positioning,
nutrition, and a target hematocrit. If the patient did not
respond to the protocol within 12 hours, they received
veno-venous ECMO. Of the 90 patients who were allocated
for ECMO consideration, 3 died before transport, 2 died in
transit, and 68 received ECMO. The other 17 patients
received lung-protective ventilation per protocol as men-
tioned above. Overall, 63% of patients allocated to consid-
eration for ECMO treatment survived to 6 months without
disability compared with 47% allocated to conventional
management. This translates into a 16% survival benefit
without severe disability for patients in the group consid-
ered for ECMO. The authors of CESAR do acknowledge an
important weakness: the lack of a standardized treatment
protocol for the conventional group. Although a low-
pressure and low-volume ventilation strategy was recom-
mended, it was not insisted upon.59 As an accompanying
editorial states, the relative benefit reported in this study
must be interpreted cautiously. The benefit may not be for
ECMO but for referral to a center with expertise in provid-
ing specialized care.59,60 All the referrals for ECMO were
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made to a single center. The outcome may have been
different if several ECMO centers had been used.60

Based on the above studies, including the most recent
CESAR trial, a number of adult patients with refractory
respiratory failure secondary to H1N1 have been treated
with ECMO. The Australia and New Zealand Extracorpo-
real Membrane Oxygenation Influenza investigators re-
cently published their experience with the 2009 H1N1
season and the use of ECMO.61 They collected data be-
tween June 1 and August 31, 2009 from all 187 ICUs in
Australia and New Zealand. From this group, they identi-
fied 15 ICUs that provided ECMO. Two hundred one
patients were treated with mechanical ventilation at the
ECMO centers. Sixty-eight patients who failed conven-
tional therapy received ECMO with the vast majority
receiving veno-venous cannulation (93%) and the remain-
der veno-arterial (7%). Overall, in the patients who received
ECMO, the median lowest Pao2/Fio2 ratio was 56, the
lowest pH was 7.2, and the highest Fio2 was 1.0. The
patients had median modified ALI scores equal to 3.8. At
the time of reporting, 71% of the patients who received
ECMO had recovered and survived to ICU discharge.
Forty-seven percent of the ECMO patients survived to

hospital discharge. Overall, there was a 21% mortality rate
in the ECMO group at the end of the study period.

CONCLUSIONS
Acute hypoxemia remains a major challenge in the man-
agement of critically ill patients. The H1N1 epidemic has
renewed interest in salvage therapies for severe hypoxemic
respiratory failure. It remains unclear at this time whether
the data and practices learned from large studies in patients
with ALI and ARDS can be translated to this unique patient
population and applied to viral necrotizing pneumonia due
to H1N1. Patients with H1N1 respiratory failure tend to be
younger, have more severe hypoxemia, and have a more
fulminant course. Although not specifically a therapy for
hypoxemia, protective mechanical ventilation has the
strongest evidence base, and should form the foundation
for support of patients with ALI/ARDS. Therapies such as
iNO and iAP, RMs, and HFOV have all shown the ability to
improve oxygenation, but in the trials to date, have not
shown a mortality benefit (Table 1). Given the substantial
estimated cost of ECMO ($120,000 incremental cost using
United Kingdom National Health Service estimate), ex-
traordinary caution should be exercised before widespread

Table 1. Summary of Randomized Controlled Trials for Rescue Therapies for Acute Hypoxemic
Respiratory Failure

Rescue therapy
No. of

patients Oxygenation measurement Mortality
Prone ventilation

Gattinoni et al.,19 2001 304 PaO2/FIO2: higher in prone group 10-d mortality: ARR 0.039 (95% CI '0.055 to 0.133)
Guerin et al.,62 2004 791 PaO2/FIO2: higher in prone group 28-d mortality: ARR'0.01 (95% CI '0.074 to 0.055)
Voggenreiter et al.,63

2005
40 PaO2/FIO2: higher in prone group in

first 4 d
90-d mortality: ARR 0.11 (95% CI '0.096 to 0.332)

Mancebo et al.,64 2006 136 PaO2/FIO2: higher in prone group
starting at 4 h

ICU mortality: ARR 0.149 (95% CI '0.019 to 0.306)

Fernandez et al.,65 2008 42 PaO2/FIO2: higher in prone group
after 6 h

60-d mortality: ARR 0.145 (95% CI '0.151 to 0.41)

Taccone et al.,22 2009 342 PaO2/FIO2: higher in prone group 28-d mortality: ARR 0.018 (95% CI '0.08 to 0.116)
APRV

Varpula et al.,66 2004 58 PaO2/FIO2 ratio not statistically
different after first 7 d

28-d mortality: ARR 0.012 (95% CI '0.184 to 0.212)

HFOV
Derdak et al.,41 2002 148 PaO2/FIO2: improved in HFOV group

for only 24 h
30-d mortality: ARR 0.147 (95% CI '0.012 to 0.297)

Bollen et al.,42 2005 61 Oxygenation index: higher in HFOV
group between 1st and 2nd d

30-d mortality: ARR'0.099 (95% CI '0.32 to 0.148)

iNO
Dellinger et al.,67 1998 177 Increase of PaO2 !20% (response

seen in 60% of patients)
28-d mortality: ARR 0.007 (95% CI '0.128 to 0.155)

Taylor et al.,45 2004 385 Increased PaO2 (120 vs 100) seen
in the first 24 h of therapy
resolved by 48 h

28-d mortality: ARR'0.027 (95% CI '0.109 to 0.055)

Lundin et al.,68 1999 268 Increase of PaO2 !20% (response
seen in 67% of patients)

30-d mortality: ARR'0.039 (95% CI '0.179 to 0.104)

Inhaled prostacyclin
Walmrath et al.,50 1996 16 Improved PaO2/FIO2 (114 to 135)

and decreased PASP (35 to
31.9) similar to iNO

NA

ECLS
Zapol et al.,53 1979 90 Long-term mortality: ARR 0.012 (95% CI '0.114 to 0.147)
Morris et al.,54 1994 40 30-d mortality: ARR'0.088 (95% CI '0.358 to 0.197)
Peek et al.,59 2009 180 6-mo mortality: ARR 0.133 (95% CI '0.011 to 0.27)

APRV # airway pressure release ventilation; ARR # absolute risk reduction; HFOV # high-frequency oscillatory ventilation; FIO2 # fraction of inspired oxygen;
PASP # pulmonary artery systolic pressure; CI # confidence interval; iNO # inhaled nitric oxide; ECLS # extracorporeal life support; ICU # intensive care unit;
NA # not applicable.

Rescue Therapies for Hypoxemia

September 2010 • Volume 111 • Number 3 www.anesthesia-analgesia.org 699



implementation. Conversely, the cost per quality-adjusted
life year was between $7500 and $51,000, which is well
within the range of cost effectiveness of other medical
interventions. More problematic is the limited availability
of ECMO, with only approximately 75 centers providing
this therapy. At this time, the use of ECMO in H1N1
pneumonitis should be considered experimental. These
studies do, however, remind us of the importance of
receiving intensivist-driven critical care.
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