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Abstract The acute respiratory distress syndrome (ARDS) is a clinical syndrome with
primarily supportive management options. Despite extensive basic and clinical
investigations, multiple pharmacological and nonpharmacological modalities
have been unsuccessful in decreasing mortality. Nonetheless, these efforts have
substantially heightened our understanding of ARDS pathophysiology. Investi-
gators continue to create new and more complex therapeutic strategies that may
have significant clinical impact.
Several pharmacological agents forARDS are in development and have shown

either great promise or are at most, under phase III evaluation. The order in which
therapeutic options are presented in this review highlights therapeutic options other
than the anti-inflammatory approach. In addition to the anti-inflammatory cate-
gory, vasodilators, surfactant therapy, immunonutrition and partial liquid venti-
lation are all being evaluated.
Within the anti-inflammatory category, new mechanistic approaches include

the ‘anti-inflammatory nature’ of interleukin-10, the inhibitory aspects of lyso-
phosphatidic acid on endothelial cell permeability, and the use of recombinant
human anti-coagulant proteins (activated protein C and tissue factor pathway
inhibitor) to reduce the inflammatory cycle that contributes to microvascular
thrombi.
Previous work with surfactant in ARDS had its limitations, however, these

trials were of sufficient success to spawn 2 new synthetic compounds. These new
synthetic surfactants incorporate mixtures of phosphatidylcholine and phos-
phatidylglycerol (the key phospholipids within endogenous surfactant) and either
recombinant surfactant protein C or an analogue of surfactant protein B.
Recently, the ARDS Network’s low tidal volume study has broken the cycle of

decades of negative ARDS trials and demonstrated an improvement in mortality.
Through better mechanistic approach and study design, investigator compli-

ance with exclusion criteria, and better understanding of the complexities of
patient management, the next pharmacological ARDS trials will hopefully be
successful and lead to further reductions in patient mortality.
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Since its initial description by Ashbaugh et al.[1]
in 1967, the acute respiratory distress syndrome
(ARDS) has been a clinical syndrome with primar-
ily supportive management options. Despite exten-
sive basic and clinical research investigations and

numerous large-scale clinical trials,multiple pharma-
cological and nonpharmacological therapeutic mo-
dalities have generally proven unsuccessful. None-
theless, these efforts have substantially heightened
our understanding of the critical mechanisms in the



pathophysiology of ARDS. Investigators continue
to create new and more complex therapeutic strat-
egies that may have significant clinical impact in the
not too distant future. In this article we highlight
current strategies and drugs in development for this
critical disorder.
A search was performed throughMEDLINE us-

ing search terms of ARDS, critical care, intensive
care, acute lung injury, inflammation to identify
literature for this review.

1. Acute Respiratory Distress Syndrome

Although descriptions of ARDS can be traced
to the medical literature long before the 1960s,
Ashbaugh’s[1] report in 1967 describing severe re-
spiratory failure consistent with the respiratory dis-
tress syndrome (RDS) of neonates and children is
typically cited as the founding description of respi-
ratory distress syndrome in adults. That initial re-
port included 12 patients with an average age of 27
years who developed rapidly progressive hypoxae-
mic respiratory failure requiring high levels of me-
chanical ventilatory support with 7 (60%) of those
patients ultimately dying from the illness.
Over the subsequent 25 years, multiple clinical

therapeutic trials were performed. Review of these
trials reveals a lack of substantial therapeutic suc-
cess. In addition, the earlier studies reveal large
variability in entry criteria for patient enrolment,
which stemmed from differing opinions on the di-
agnostic criteria for the syndrome. In 1992, a group
of European and North American investigators at
a consensus conference on ARDS, provided a
working set of criteria for ARDS.[2] The majority
of recent clinical trials have used these criteria.
These criteria are listed in table I and include:

(i) hypoxemia as defined by the ratio of arterial
oxygen pressure (PaO2) to inspired oxygen fraction
(FiO2) of less than 200; (ii) known associated risk
factor (i.e., sepsis, trauma, pancreatitis); (iii) the
presence of bilateral alveolar infiltrates on chest
radiograph; (iv) no evidence of left atrial hyperten-
sion (pulmonary capillary wedge pressure < 18mm
Hg or absence of consistent clinical findings). In
addition, investigators defined a similar subset of

patients with less severe impairment which they
called acute lung injury (ALI) and which differs
from ARDS only by the severity of hypoxemia
(PaO2/FiO2 < 300mm Hg).
The pathophysiology of ARDS includes two

generalisable and possibly overlapping phases.[3]
The initial phase is characterised by acute inflam-
mation that is predominantly driven by neutrophils
and is at least chronologically associated with in-
jury of the capillary endothelium and alveolar epi-
thelium. The capillary leak of exudative oedema
fluid into the alveoli results in significant inhibi-
tion and injury of the alveolar surfactant. During
this phase hyaline membranes in the airways are
typically seen. Hyaline membranes are probably the
consequence of exudated proteins within the air-
way. In addition, this inflammatory response can
lead to significant vascular injury and vasocon-
striction which may result in pulmonary hyperten-
sion. Each of these abnormalities represents poten-
tial therapeutic targets, both as treatment and
prevention of further injury.
The subsequent phase of ARDS demonstrates

evidence of fibrosis and repair. Pathological evi-
dence of these two phases can be seen in the same
biopsy sample from a patient with ARDS. Histo-
logically, the later pathological aspects are charac-
terised by interstitial fibrosis and marked engorge-
ment and distortion of the distal pulmonary
arterioles. Over a prolonged course, the fibrosis
may resolve and the pulmonary capillary bed may

Table I. Diagnostic criteria for acute respiratory distress syndrome
(ARDS)

Appropriate clinical setting with one or more recognised risk
factors

New, bilateral, diffuse, patchy or homogeneous, pulmonary
infiltrates on chest radiograph

No clinical evidence of heart failure, fluid overload, or chronic
lung disease (PAOP≤18mm Hg)

ALI PaO2:FiO2 ratio ≤300

ARDS PaO2:FiO2 ratio ≤200
Requirement for mechanical
ventilation

ALI = acute lung injury; FiO2 = inspired oxygen fraction; PaO2 =
arterial oxygen pressure; PAOP = pulmonary artery occlusion
pressure.
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undergo extensive neovascularisation. In many sur-
vivors, this phase may take up to 2 years for com-
pletion.
ARDS can be triggered by a number of causes

that are typically classified as direct and indirect.
Sepsis syndrome is the single most common
cause of ARDS but direct causes of ARDS in-
cluding pneumonia are commonly seen. The se-
verity of each aetiology typically dictates the
likelihood of progression to ARDS. For exam-
ple, bacteraemia tends to lead to ARDS in only
4% of patients, whereas ARDS develops in 40%
of patients with sepsis syndrome. Similarly, in
patients with pneumonia in the intensive care
unit (ICU) only 12% will progress to ARDS,
whereas 35% of patients with aspiration pneu-
monia will develop ARDS.[4-6] Additional risk
factors such as alcoholism have been shown to
be important co-factors in the risk of developing
ARDS.[7] The more commonly associated clini-
cal causes of ARDS are listed in table II.
The true incidence of ARDS is believed to be

grossly under-reported. ARDS is not a reportable
illness in and of itself. Currently, the incidence of
ARDS, as estimated by leading investigators, is be-
lieved to be approximately 3 to 5 cases per 100 000
in the population.[2]
The list of inflammatory mediators that are in-

volved in the process of this multifaceted lung in-
jury is too long for sufficient review within this
article. However, multiple therapeutic strategies
target the following: (i) specificmediators released
by neutrophils which can be toxic to both foreign
pathogens as well as host; (ii) inhibitors of cyto-
kines important in the recruitment of the inflamma-
tory response to the lung; (iii) replacement of cyto-
kines and natural anticoagulant proteins important
in counterbalancing the proinflammatory response
and which may be deficient in ARDS; (iv) specific
pulmonary vasodilators to counterbalance the va-
soconstrictor effects on the injured pulmonary en-
dothelium; (v) replacement of the deficient and in-
jured pulmonary surfactant. In the latter half of this
article we summarise the previously performed tri-

als manipulating the inflammatory responses as
well as the current ongoing trials.
Early in the first 2 decades since the initial de-

scription of ARDS, mortality estimates remained
extremely high, typically averaging 60 to 70%.
However, over the past 10 to 15 years and partic-
ularly throughout the decade of the 1990s, overall
mortality in ARDS was suspected to have trended
downward. More recently, mortality has reached a
plateau with reported mortality of approximately
40%.[8] Although many investigators have specu-
lated on the explanation for this improvement, no
conclusive evidence exists as yet. Most agree that
changes in management of mechanical ventilation
as well as overall improvement in the delivery of
critical care are the likely major contributing fac-
tors. In addition, most agree that further improve-
ment through specific therapeutics can be realised
in the not so distant future. These novel agents are
discussed within this article. These agents are the
result of improved understanding of the delicate
balance of the inflammatory response and how the
inflammatory response may be manipulated to op-
timise patient benefit.
Within the spectrum of ARDS patients, there

are differences in outcome based on specific fac-
tors. Patients who develop ARDS as the result of
trauma have been suspected of having a better
overall mortality than ARDS patients in general,
based on reports with small numbers of patients.[9-
10] A significant improvement has been seen in the
outcome of ARDS patients in the subset with sep-
sis. Age has been shown in multiple studies to be

Table II. Clinical disorders associated with acute respiratory distress
syndrome (ARDS) [listed in rank of most-least frequent aetiology][6]

Sepsis

Aspiration

Shock from any aetiology

Trauma

Multiple transfusions

Severe acute pancreatitis

Drug overdose

Pneumonia

Near drowning
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an important factor in predicting outcomes with
mortality substantially higher in patients as they
reach and exceed approximately 60 years of age.[6]
It remains unclear as to whether age itself is an
independent risk factor or simply is a marker of
higher incidence of concurrent illnesses. It is im-
portant to note that the majority of deaths in pa-
tients with ARDS are not from respiratory failure.
Strict respiratory insufficiency accounts for 10 to
15% of all ARDS deaths.[6] The majority of deaths
in patients with ARDS are the result of the initial
insult or aetiology that proves to be refractory to
management. The second most common cause of
death in ARDS patients is multisystem organ fail-
ure. The vast majority (>90%) of the deaths seen
in ARDS occur within the first 2 to 3 weeks after
the onset of the condition. Patients who survive the
initial weeks of ARDS, have a greater than 90%
likelihood of recovery.[6]
Although mortality remains high in this condi-

tion, chronic limiting pulmonary morbidity in sur-
vivors is uncommon.[8] Pulmonary function studies
performed on survivors typically demonstrate sig-
nificant recovery to approximately 80 to 90% of
baseline at or beyond 1 year after the onset of the
illness. More recent data has suggested that there
may be some neurocognitive deficits as a conse-
quence of the prolonged ICU stay and exposure to
centrally acting sedative agents.[11]
The length of time frequently required for me-

chanical ventilation in patients with ARDS is 2 to
3 weeks but it can be as long as several months.
The duration of mechanical ventilation has become
an important factor in the design of new ARDS
studies. Previously, clinical trials in ARDS were
required by the US Food and Drug Administration
(FDA) to demonstrate a mortality benefit before
drug approval. However, more recent trials have
been allowed to use surrogate markers of health
benefit outcomes, such as reduced time onmechan-
ical ventilation and time in ICU. A reduction in
ventilator use or ICU stay is believed to represent
a significant benefit not only to patients but to so-
ciety in general. Therefore, the design of future

ARDS trials will very likely include length of re-
covery and long term outcome of ARDS patients.

2. Standard Treatment

The principal goal of treatment of ARDS is to
identify and correct the underlying aetiology. Bone
and colleagues[12] demonstrated that patients who
begin to improve over the first week of their ther-
apeutic course have a much greater likelihood of
successful outcome. This trend corresponds to suc-
cessful treatment of the underlying trigger. An ag-
gressive diagnostic approach in the setting of un-
certainty is a very important aspect of ultimate
therapeutic success.
The manner in which mechanical ventilation is

applied to patients with ARDS has been the subject
of significant debate. This debate intensified sig-
nificantly over the last decade. The centre of the
debate focused on the potential harm that mechan-
ical ventilation could induce, such as barotrauma
(high pressures which result in microbarotrauma,
alveolar rupture and subsequent pneumothorax,
pneumomediastinum, subcutaneous emphysema)
and volutrauma.[13] Volutrauma is a newer concept
that implies the overdistension of alveoli leading
to capillary and epithelial injury. Slutsky[14] has
also defined the concept of biotrauma, which is the
biological response triggered by volutrauma. Bio-
trauma, therefore, is very comparable to the sys-
temic inflammatory response syndrome seen as a
consequence to sepsis, pancreatitis, or other sys-
temic injuries. Recent trials have suggested that
maintaining lower tidal volumes and lower airway
pressures improves overall patient outcome. The
recently published ARDS Network (ARDSnet)
trial demonstrated an overwhelming difference in
survival in patients with ARDS when a low tidal
volume (and therefore low plateau pressure) strat-
egy was in place.[15] Lower tidal volumes have be-
come an increasing standard within the manage-
ment of ARDS patients.
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3. Specific Investigational Strategies

3.1 Anti-Inflammatory Therapy

3.1.1 Corticosteroids
The use of systemic corticosteroids remains a

controversial topic in the management of patients
with ARDS. Despite large trials in the mid 1980s,
which were unable to demonstrate benefits, many
authors continue to believe that further refinement
and adjustment in the dose, administration and du-
ration of corticosteroids may provide therapeutic
benefits. Meduri et al.[16] have investigated the po-
tential benefits of systemic corticosteroids in the
fibrotic and recovery phase of ARDS with prelim-
inary data suggesting a favourable outcome. This
study is limited by the lack of true randomisation
in the patient cohorts and is therefore premature to
advocate widespread late-ARDS corticosteroid
therapy. The National Institutes of Health (NIH)-
sponsored ARDS Network (ARDSnet) is currently
pursuing this hypothesis with an active, large-scale
clinical trial.

3.1.2 Lysophosphatidic Acid
Lysophosphatidic acid (LPA) is a molecule that

decreases endothelial monolayer permeability. In-
terestingly, LPA is also the smallest noncytokine
growth factor and seems to prevent apoptosis in a
number of cell lines.[17] Platelets release a soluble
factor that decreases the solute permeability of cul-
tured bovine aortic endothelial monolayers. This
factor was characterised as heat stable, trypsin sen-
sitive, and was not chemically similar to serotonin,
adenosine, adenosine diphosphate or adenosine tri-
phosphate. It was later reported as LPA.
Endothelial permeability decreases rapidly, re-

versibly and repeatedly when exposed to platelet
supernatants (shown to contain LPA). Continuous
exposure to LPA-containing platelet supernatants
produces a sustained decrease in permeability.
LPA is currently undergoing study in animal lung
injury models.

3.1.3 Interleukin-10
Interleukin (IL)-10 is believed to be an anti-

inflammatory cytokine. IL-10 levels are elevated

in the bronchoalveolar lavage (BAL) fluid of pa-
tients with ARDS.[18] The absolute IL-10 level
trended higher in a small series of patients who
survived ARDS compared with the IL-10 in the
BAL of nonsurvivors. IL-10 has been administered
to humans in a number of chronic inflammatory
conditions such as rheumatoid arthritis and inflam-
matory bowel disease.
There is only 1 clinical trial to date that admin-

istered IL-10 to patients with acute lung injury.[19]
In this pilot study of 60 patients, IL-10 was asso-
ciated with a good safety profile, with no direct
IL-10−associated toxicity observed. The treatment
group received either 8 or 20 μg/kg of parenteral
IL-10 daily for the first 6 days post-injury. In this
small study, the baseline characteristics of the
study groups were similar except for the presence
of shock. Shock was not a study exclusion. Shock
was present at the time of enrolment in 9%, 39%
and 55% of the patients in the placebo, 8 μg/kg and
20 μg/kg groups, respectively. The overall PaO2/
FiO2 ratio on entry was 122 +/-64. Plasma tumour
necrosis factor (TNF) and IL-6 levels tended to
increase in the placebo group but declined in the
groups receiving IL-10. BAL TNF levels rose over
time in the placebo group but declined in the IL-10
groups.Mortality was 6/22 (27%), 2/18 (11%), and
5/20 (25%) and ventilator free days were 9, 15 and
6 for the placebo, 8 μg/kg and 20 μg/kg groups,
respectively.
Further study using IL-10 in patients with

ARDS is currently in the design phase.

3.1.4 Pentoxifylline
Pentoxifylline, a xanthine derivative, has been

used for more than 20 years in patients with periph-
eral vascular disease. In vitro and in vivo studies
have shown that pentoxifylline suppresses or re-
duces the production of TNFα.[20] Beneficial ef-
fects have been reported in disorders such as cere-
bral malaria, graft-versus-host disease, rheumatoid
arthritis, autoimmune disorders, vasculitis, and
heart failure. These are disorders in which TNFα
has been suspected of playing an important role.
Because of the prominence of pro-inflamma-

tory cytokines such as TNF detected in the early
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phases of acute lung injury, pentoxifylline has be-
come a potential therapy. The NIH-sponsored in-
vestigative group, the ARDSnet, has planned an
investigation with the administration of lisofylline
in patients with ARDS.

3.1.5 Metalloproteinase Inhibitors
ALI results in part from activation of neutro-

phils. Activated neutrophils release neutral serine,
elastase, and matrix metalloproteinases (MMPs)
and oxygen radical species, which damage alveo-
lar-capillary basement membranes and the extra-
cellular matrix, resulting in an ALI. Activation of
sequestered neutrophils leads to the release of pro-
teases and oxygen radical species. Elevated plasma
levels of neutrophil elastase and MMPs are present
in patients after cardiac bypass and in both plasma
and BAL fluid of patients with ARDS.[21-23] MMPs
released from activated neutrophils degrade type
IV collagen, which provides the framework for the
basement membrane of pulmonary capillaries, and
interstitial collagen and proteoglycan.[24-25] Aside
from direct collagenolysis, MMPs inactivate en-
dogenous antiproteases, allowing unrestricted pro-
tease activity.[26] Studies by Golub et al.[27] have
confirmed that, by non-antimicrobial mechanisms,
chemically modified tetracyclines can directly in-
hibit MMPs and prevent activation of pro-MMPs
to MMPs by scavenging reactive oxygen species.
This inhibits direct collagenolysis and protects
against inactivation of endogenous antiproteases.
The use of MMP inhibitors in patients with

ARDS has not yet been reported in the medical
literature.

3.1.6 Neutrophil Elastase Inhibitors
Neutrophils secrete a proteolytic enzyme, neu-

trophil elastase, which has emerged as a significant
mediator in the pathogenesis of inflammatory air-
way disease. This enzyme has been found to strip
the bronchial epithelium, reduce ciliary beating
and stimulate excess mucus secretion, leading to
mucus retention, bacterial proliferation and recur-
rent infections. Neutrophil elastase also stimulates
epithelial cell IL-8 secretion and produces other
chemoattractant cleavage products which lead to
further neutrophil recruitment. Neutrophil elastase

has also been shown to adversely alter anti-
thrombin and C1 inhibitor. It also impairs host de-
fences by damaging the major opsonophagocytic
receptor on the neutrophil and by weakening the
efficacy of immunoglobulins. For this reason, an
important goal in the treatment of ARDS should be
to prevent or shorten the duration of neutrophil
elastase release.
Several approaches have been proposed in an

effort to modulate the proteinase burden. These in-
clude direct inhibition of elastase and interference
with the recruitment, adherence and degranulation
of neutrophils. An even more fundamental ap-
proach would start in the bone marrow, where at-
tempts might be made to modulate or modify neu-
trophil precursors so as to limit the destructive
potential of the mature neutrophils.[28-31]

3.1.7 Platelet Activating Factor Acetylhydrolase
In vitro and in vivo studies have now examined the

anti-inflammatory activities of recombinant human
platelet activating factor (PAF) acetylhydrolase.
Recombinant human PAF acetylhydrolase (rhPAF
acetylhydrolase), converts PAF to biologically in-
active lyso-PAF.
A Phase II trial of rhPAF acetylhydrolase has

recently been concluded. ICOS Corporation stated
in a press release that rhPAF acetylhydrolase was
administered in a placebo-controlled multicentre
study in 240 patients with severe sepsis or severe
traumatic injuries at risk for the development of
ARDS. 28-day all cause mortality was reported to
be 28.4% the placebo group, whereas it was 14.5%
in the treated-group. Although not yet published in
peer review form, the company’s press release
states that there were statistically significant find-
ings in mortality and in the reduction of the inci-
dence of ARDS, as well as length of stay in the ICU.
A Phase III study with rhPAF acetylhydrolase

is in the last stages of planning.

3.1.8 Natural Anticoagulant Protein Replacement
There is evidence in many patients with sepsis-

induced ARDS of profound activation of the clot-
ting cascade. These patients typically do not
demonstrate overt bleeding and in general are not
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considered to have clotting defects prior to their
abrupt illness.
Through many years of laboratory and patient-

specific study, it has become clear that component
proteins of the coagulation system have many
properties beyond those of clot formation. The co-
agulation proteins interact with cytokines, comple-
ment, prostaglandins, platelets, and endothelial
cell surface proteins. Through these patients’ ill-
nesses, the natural anticoagulant proteins fall out
of balance with the pro-clotting proteins. It is be-
lieved that activation of the clotting cascade occurs
primarily through activation of the extrinsic path-
way. There is rapid consumption and depletion of
various clotting elements and natural coagulation
inhibitors. Fibrinolysis may be initiated but ismore
often unsuccessful secondary to the inhibition by the
action of plasminogen activator inhibitor (PAI)-1.
The end product is a very wide spread deposi-

tion of fibrin throughout vital microvasculature
beds. By administration of the natural anticoagu-
lant proteins during this systemic ‘microvascula-
ture’ clotting state, it is believed that end-organ
injury will be decreased.
There are 3 natural anticoagulant proteins that

are currently at the phase III level of FDA investi-
gation.[32-38] Centeon has concluded a phase III
study on antithrombin III therapy. The findings
were presented in the US fall (autumn) of 2000.
The data did not demonstrate a statistically signif-
icant reduction in mortality. Eli Lilly has recently
announced that their trial of human recombinant
activated Protein C (drotrecogin alfa) in patients
with sepsis, met early efficacy criteria. Eli Lilly has
stopped their trial following their Data and Safety
Monitoring Board’s recommendation that drotre-
cogin alfa therapy in patients with sepsis was asso-
ciated with an overwhelming reduction in mortal-
ity compared to the placebo group. The primary
endpoint of the Activated Protein C in Sepsis study
was 28-day all cause mortality between study drug
and placebo groups. The data have not yet been
published in abstract or manuscript form. Chiron
has recently initiated a Phase III study of tissue
factor pathway inhibitor. The trial is being con-

ducted in many sites across Europe and North
America.

3.2 Vasodilators

Two therapeutic agents have been extensively
studied over the past 5 to 10 years, epoprostenol
(prostacycline) and nitric oxide (NO). Both of
these agents have shown the ability to vasodilate
the pulmonary vascular bed in patients with pul-
monary hypertension from conditions other than
ARDS. The particular interest for pulmonary vaso-
dilation in ARDS, stems from the desire to vasodi-
late areas which have optimal ventilation. These
agents are administered to maximise perfusion to
these ventilated regions and in so doing lower
overall shunt fraction. To achieve these goals, both
agents must be delivered via the airways. Systemic
administration of either type of agent would lead
to significant systemic hypotension. Additionally,
vasodilation of poorly ventilated areas, with sub-
sequent worsening of shunt fraction could occur.

3.2.1 Nitric Oxide
In the original 1993 report on inhaled NO (iNO)

in patients with ARDS, Rossaint and colleagues[39]
demonstrated that shunt fractions did decrease in
patients who responded to iNO therapy. Unfortu-
nately, their initial report suggested that NO might
have significant mortality benefits, but this study
was based on patients with longstanding ARDS
which was compared to a retrospective control
group.
Subsequent studies of the benefits of iNO have

not demonstrated significant overall mortality ben-
efits in either adults or neonates with RDS.[40] Con-
sistently these studies have demonstrated that ap-
proximately 30 to 40% of patients will have some
improvement in oxygenation which may help limit
exposure to high concentrations of oxygen. The
recent FDA approval for NO is based on its bene-
fits in persistent pulmonary hypertension of the
newborn and remains the only indication that has
received FDA approval.
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3.2.2 Epoprostenol (Prostacyclin)
Inhaled epoprostenol has been studied in pa-

tients with ARDS. Similar to NO, inhaled epo-
prostenol reveals benefits with a small fraction of
patients with ARDS. Patients who received inhaled
epoprostenol showed an improvement in oxygena-
tion.[41] However, there was no clinical evidence of
any improvement in mortality, length of mechani-
cal ventilation, time in ICU or total hospital days.
For now, NO and epoprostenol continue to be

used in the setting of ARDS only under investiga-
tional protocols.

3.3 Surfactant Replacement Therapy

Replacement of surfactant in neonatal RDS has
now been well established as a standard of care.
Surfactant administration is a lifesaving manoeu-
ver where surfactant deficiency is the principal ab-
normality. In neonatal RDS there is a limited de-
gree of inflammatory response. Since Konishi’s
and Fujiwara’s report in 1988,[42] substantial clin-
ical investigations have been conducted. These
studies have further defined surfactant therapy,
identifying key issues related to the importance of
specific compositional factors within the surfactant
preparation, route of delivery, frequency and tim-
ing of administration, and cost analyses.
Multiple compounds now exist for the therapy

of neonates with RDS including: (i) colfosceril pal-
mitate, a synthetic surfactant containing a mixture
of tyloxapol, hexadecanol, and phosphatidylchol-
ine (DPPPC); (ii) beractant, an extract of bovine
surfactant which includes a more natural mixture
of the phospholipids contained within endogenous
surfactant but a relative paucity of the surfactant
apoproteins; (iii) poractant alfa, an extract of por-
cine surfactant that is not approved in the US but
is commonly used throughout Europe; (iv) calfact-
ant, a newly approved bovine surfactant which re-
tains almost a completely normal distribution of
surfactant phospholipids and the hydrophobic
apoproteins, SPB and SPC.
Although many of the early studies on surfac-

tant replacement therapy in neonatal RDS were
conducted using colfosceril palmitate and beract-

ant, the use of colfosceril palmitate has signifi-
cantly decreased over the past several years be-
cause of its compositional limitations. Recent stud-
ies have begun to suggest that the retention of key
apoproteins, which permit retention of surfactant
surface tension activity, by calfactant may offer
therapeutic advantage over beractant.
In contrast, for adults with ARDS, surfactant

replacement therapy has made slower progress. An
important difference for the adults with ARDS, is
the lack of available surfactants in sufficient quan-
tities to treat adults. Adults would require a sub-
stantially larger volume of drug than neonates. As
mentioned earlier, all of the available surfactants
with the exception of colfosceril palmitate, are an-
imal extracts which are purified by a complex, low
yield method which leads to high expense. The end
result of this process is that the cost of care for an
adult with ARDS could increase substantially. The
cost is not only the result of a much larger dose, but
that far more doses are necessary as a consequence
of the ongoing inflammation which injures the ad-
ministered surfactant.
One trial using colfosceril palmitate was con-

ducted on adults with no overall therapeutic advan-
tage identified.[43] However, this trial was flawed
because of the relatively low dose of surfactant that
was delivered, and the use of a nebulised delivery
system which delivered surfactant to predomi-
nantly well-ventilated regions of lung. Therefore,
the nebulised surfactant did not reach the poorly
ventilated areas, where it may have better served to
recruit alveoli and help reverse the alveolar col-
lapse. Two trials using poractant alfa and beractant
have been conducted revealing improvement in ox-
ygenation and possibly mortality in a small subset
of the patients. Neither trial was of sufficient scale to
warrant recommendation for large scale use.[44-45]
However, these trials were of sufficient success

to spawn 2 new synthetic compounds which incor-
porate mixtures of phosphatidylcholine and phos-
phatidylglycerol (the key phospholipids within en-
dogenous surfactant) and either recombinant SP-C
(lusupultide) or an analogue of SP-B (sinapultide).
A small phase I study using sinapultide in adults
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has been published with improvement in oxygen-
ation noted and with no significant safety issues
detected.[46] Each compound is currently undergo-
ing large phase II/III trials, which should be com-
pleted within the next 1 to 2 years.
It is important to note that a recent trial of cal-

factant in children with RDS, which is a more com-
parable problem to that seen in adults than neonatal
RDS, has been completed. The use of calfactant in
paediatric RDS revealed significant improvements
in oxygenation, time on mechanical ventilation,
length of time in ICU and oxygen requirements
upon discharge. This study provides substantial
hope for the future of surfactant replacement ther-
apy in adults.

3.4 Enteral Feeding With Eicosapentaenoic
Acid, Gamma-Linolenic Acid

Studies in animal models of sepsis-induced
ARDS have shown that a low-carbohydrate, high-
fat diet combining the anti-inflammatory and vaso-
dilatory properties of eicosapentaenoic acid (EPA;
fish oil), gamma-linolenic acid (GLA; borage oil)
and antioxidants improved lung microvascular
permeability, oxygenation and cardiopulmonary
function, and reduced proinflammatory eicosanoid
synthesis and lung inflammation.
A prospective, multicentre, double-blind, ran-

domised controlled trial was carried out to deter-
mine whether ARDS patients could benefit from
such a regimen.[47] This trial studied 146 patients
with ARDS caused by sepsis/pneumonia, trauma
or aspiration injury. Patients who met entry criteria
were randomised and continuously tube-fed either
EPA+GLA or an isonitrogenous, isocaloric stand-
ard diet at a minimum caloric delivery of 75% of
basal energy expenditure x 1.3 for at least 4 to 7
days.
Baseline characteristics of 98 evaluable patients

revealed significant decreases (approximately 2.5-
fold) in the number of total cells and neutrophils
per ml of recovered BAL fluid from multiple la-
vages during the study with EPA+GLA compared
with patients fed the control diet. Significant im-
provements in oxygenation (PaO2/FiO2) from

baseline to study days 4 and 7 with lower ventila-
tion variables (FiO2, positive end-expiratory pres-
sure and minute ventilation) occurred in patients
fed EPA+GLA compared with controls. Patients
fed EPA+GLA required significantly fewer days
of ventilatory support (11 vs 16.3 days; p = 0.011),
and had a decreased length of stay in the ICU (12.8
vs 17.5 days; p = 0.016) compared with controls.
Only 4 of 51 (8%) patients fed EPA+GLA versus
13 of 47 (28%) control patients developed a new
organ failure during the study (p = 0.015).
Although there were no statistically significant

differences in mortality between these 2 groups,
the overall approach and reduction in ventilator
time are very promising results. The beneficial ef-
fects of the EPA+GLA diet on pulmonary neutro-
phil recruitment, gas exchange, requirement for
mechanical ventilation, length of intensive care
unit stay, and the reduction of new organ failures
suggest that this enteral nutrition formula should
be further studied.

3.5 Partial Liquid Ventilation

The development of inert perfluorocarbon
(PFC) liquids with high oxygen and carbon dioxide
solubility, has made gas exchange with liquid ven-
tilation possible. In 1991, the technique of partial
liquid ventilation was introduced where PFC liq-
uids are instilled into the lungs while continuing
with conventional mechanical ventilation. Partial
liquid ventilation has been shown to improve gas
exchange and lung function with decreased sec-
ondary lung injury in animal models of acute lung
injury and surfactant deficiency. The theoretical
advantages of partial liquid ventilation include
lower airway pressures, decreased alveolar surface
tension and increased alveolar recruitment. It has
been used in trials in preterm neonates, and prelim-
inary results are available from a trial of partial
liquid ventilation in patients with ARDS.[48]
Perfluorocarbons can also be used to deliver

drugs to the lungs, to lavage inflammatory exudate
and debris from the lungs, and as an intrapulmon-
ary radiography contrast medium.
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However, many questions about partial liquid
ventilation remain unanswered, particularly with
regard to the dose of PFC required, its ideal method
of administration and the long term effects. The use
of partial liquid ventilation as a standard modality
has not yet been established by large, multicentre
trials.

4. Conclusion

Recently, the improvement in mortality with the
ARDSnet low tidal volume study has broken the
cycle of decades of negative ARDS trials. Through
better study design, investigator compliance with
exclusion criteria, and better understanding of the
complexities of patient management, the next se-
ries of ARDS trials will hopefully be successful
and lead to further reductions in patient mortality.
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