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Since the identification of surfactant deficiency as the putative cause of the infant respiratory distress
syndrome (RDS) by Avery and Mead in 1959, our understanding of the role of pulmonary surfactant
in respiratory physiology and the pathophysiology of acute lung injury (ALI) has advanced substan-
tially. Surfactant replacement has become routine for the prevention and treatment of infant RDS and
other causes of neonatal lung injury. The role of surfactant in lung injury beyond the neonatal period,
however, has proven more complex. Relative surfactant deficiency, dysfunction, and inhibition all
contribute to the disturbed physiology seen in ALI and acute respiratory distress syndrome (ARDS).
Consequently, exogenous surfactant, while a plausible therapy, has proven to be less effective in ALI/
ARDS than in RDS, where simple deficiency is causative. This failure may relate to a number of factors,
among them inadequacy of pharmaceutical surfactants, insufficient dosing or drug delivery, poor drug
distribution, or simply an inability of the drug to substantially impact the underlying pathophysiology
of ALI/ARDS. Both animal and human studies suggest that direct types of ALI (eg, aspiration, pneu-
monia) may be more responsive to surfactant therapy than indirect lung injury (eg, sepsis, pancreatitis).
Animal studies are needed, however, to further clarify aspects of drug composition, timing, delivery, and
dosing before additional human trials are pursued, as the results of human trials to date have been
inconsistent and largely disappointing. Further study and perhaps the development of more robust
pharmaceutical surfactants offer promise that exogenous surfactant will find a place in our armamen-
tarium of treatment of ALI/ARDS in the future. Key words: surfactant; infant respiratory distress syn-
drome; RDS; acute lung injury;, ALI; acute respiratory distress syndrome; ARDS; neonatal. [Respir Care
2011;56(9):1369-1386. © 2011 Daedalus Enterprises]

Introduction

Exogenous lung surfactants are among the most studied
drugs in medicine. Surfactant therapy is currently a main-
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stay in neonatal care, where its use has been associated
with a significant reduction in the morbidity and mortality
accompanying premature birth. Given the physiologic ne-
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cessity of pulmonary surfactant for normal breathing, and
its demonstrated deficiency in prematurity, the efficacy of
exogenous surfactant therapy in pre-term infants is pre-
dictable. There is also evidence of surfactant dysfunction
in many forms of acute pulmonary injury in term infants,
children, and adults as well, but the evidence of therapeu-
tic efficacy for exogenous surfactant outside of the neo-
natal period is more limited.

This review discusses the evidence for surfactant dys-
function in acute lung injury (ALI) and the acute respira-
tory distress syndrome (ARDS), and clinical studies to
date of exogenous surfactant therapy in term infants, chil-
dren, and adults. While therapeutic use of surfactant in
acute pulmonary injury outside of the neonatal period en-
joys biologic plausibility and has achieved success in treat-
ing term infants and children with several direct types of
acute pulmonary injury, controlled clinical studies have
been largely unsuccessful in adults with ALI/ARDS. Pos-
sible reasons for this and future directions in continuing
surfactant research will be discussed.

A Brief History

If you would understand anything, observe its be-
ginning and its development. — Aristotle

The phenomenon of surface tension and its effects on
the pressure drop across an interface separating 2 phases
of matter was defined mathematically in the early 1800s
by the Law of Young and Laplace. Applied to the pulmo-
nary alveoli, this law states that the pressure drop required
to inflate or maintain these air sacs at a given size is
directly proportional to their surface tension and inversely
proportional to their radius. The work of breathing, which
generates the necessary pressure drop, is thus similarly
directly proportional to surface tension. The important con-
tribution of surface tension forces to lung mechanics was
documented in 1929, when von Neergaard' showed that it
took higher pressure to inflate excised animal lungs with
air (when surface tension was present) than with saline
(when surface tension forces were minimal because there
was no longer a liquid-air interface). Analysis of these data
indicated that over half of the pressure drop needed to
inflate the normal lung was to overcome surface tension
forces.

An equally important fact not appreciated at the time of
von Neergaard’s experiments was that pulmonary surface
tension forces would actually be much larger (and in fact
physiologically unsupportable) if surface tension in the
normal lungs were not greatly reduced by lung surfactant.
Surface-active substances (surfactants) lower surface ten-
sion biophysically by virtue of an amphipathic (polar/non-
polar) molecular structure, and the presence of surfactants
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Table 1.  Composition of Natural Surfactant (%)

Protein lipid 90-95
Phospholipids (% of total lipid) 90-95
Phosphatidylcholine 80
Anionic phospholipids 15
Other phospholipids 5
Neutral lipids 5-10
Protein 5-10
Biophysically active apoproteins
(SP-A, SP-B, SP-C)

(Data from Reference 5.)

in the lungs is essential for normal respiration. The exis-
tence of lung surfactant in air-breathing animals was doc-
umented in the mid-1950s by Pattle?? and Clements.* This
complex material, a mixture of lipids and specific proteins,
is one of the most powerful surface-active substances
known. Table 1 shows representative compositional per-
centages for large aggregate surfactant isolated from alve-
olar washings via sedimentation and density-gradient cen-
trifugation or type II cell lamellar bodies from multiple
animal species.> The major phosphatidylcholine fraction
of total surfactant phospholipid is about 55% saturated
(dipalmitoylphosphatidylcholine plus other saturated phos-
phatidylcholines) and 45% unsaturated. The anionic phos-
pholipids group includes phosphatidylglycerol, phosphati-
dyl-inositol, and phosphatidylserine. Other phospholipids
include phosphatidylethanolamine and sphingomyelin.
Neutral lipids include cholesterol and cholesterol esters
plus diglycerides/triglycerides.

By lowering and varying alveolar surface tension, lung
surfactant maintains a low physiological work of breath-
ing, stabilizes small alveoli against collapse (atelectasis),
improves the overall uniformity of alveolar inflation, and
reduces the hydrostatic driving force for pulmonary edema.
Details of the discovery, composition, and physiological
actions of pulmonary surfactant are reviewed elsewhere.>-¢

Because of its necessity for normal respiration, a defi-
ciency or dysfunction of lung surfactant results in severe
respiratory failure. Soon after the discovery of lung sur-
factant, Avery and Mead” in 1959 suggested that surfac-
tant deficiency might account for infant respiratory dis-
tress syndrome (RDS). Subsequent studies identified the
most prevalent phospholipid component of lung surfactant
as dipalmatoylphosphatidylcholine (DPPC), but attempts
to treat pre-term infants with RDS with aerosolized DPPC
were completely unsuccessful.8-19 It is now clear that DPPC
alone is a biophysically inadequate lung surfactant, and
that the aerosol delivery methods used also delivered very
little DPPC to the alveoli. This was not recognized at the
time, and the failure of nebulized DPPC surfactant therapy
led many to return to the previous clinical hypothesis of
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Natural Surfactants Synthetic Surfactants
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Pneumothorax — —_
Intraventricular hemorrhage _|_._ _|_
Patent ductus arteriosus _,._ —
03 05 1.0 20 03 05 10 2.0
Odds Ratio Odds Ratio

Fig. 1. Odds ratios and 95% confidence intervals from meta-analyses of clinical trials that found benefits from exogenous surfactant therapy
for preventing or treating infant respiratory distress syndrome (RDS). Eight trials (930 infants) administered animal-derived surfactant prophylac-
tically in the delivery room, 12 trials (1,451 infants) administered animal-derived surfactant in the intensive care nursery to treat RDS, 7 trials (1,492
infants) administered synthetic surfactant prophylactically in the delivery room, and 5 trials (2,126 infants) administered synthetic surfactant in the
intensive care nursery to treat RDS. Neonatal mortality was defined as death from any cause before the 29th day of life. Bronchopulmonary
dysplasia was defined as the need for oxygen, with or without assisted ventilation, together with typical radiographic changes on the 28th day
of life. Intraventricular hemorrhage was defined as severe hemorrhage, categorized as either grade lll (extensive intraventricular hemorrhage with
ventricular enlargement) or grade IV (intraparenchymal hemorrhage). (Adapted from Reference 14, with permission.)

pulmonary ischemia as the cause of RDS.!'° This miscon-
ception delayed further efforts to develop surfactant ther-
apy for well over a decade. Acceptance that surfactant-
deficiency was responsible for RDS did not occur until
after Enhorning and colleagues'!-!? demonstrated in 1973
that tracheal instillation of active whole surfactant from
adult animals into pre-term rabbit pups could restore nor-
mal lung function. Even then, several more years of sup-
portive animal studies were needed before Fujiwara et al
first demonstrated the therapeutic value of exogenous sur-
factant in human infants with RDS in 1980.13

Multiple clinical trials in pre-term infants were con-
ducted in the 1980s, following Fujiwara et al’s initial suc-
cessful study.>'#!> These trials demonstrated unequivo-
cally that exogenous surfactant improved survival and
decreased morbidity in RDS (Fig. 1). Indeed, in the first
year after the FDA approved surfactant therapy in the
United States there was a notable decrease in neonatal
mortality, primarily related to improved survival of pre-
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term infants.'# Surfactant therapy is now the standard of
care for the prevention and treatment of RDS. As de-
scribed below, the most active surfactant drugs currently
approved for treatment of RDS are animal-derived prepa-
rations that contain surfactant lipids and one or more of the
active hydrophobic surfactant proteins (SP-B or SP-C). In
addition, several synthetic exogenous surfactants are under
clinical study and laboratory research.!0-24

Pharmaceutical Surfactants

Before delving too deeply into the potential merits of
surfactant therapy in ALI/ARDS, it is important to recog-
nize that there are several different types of pharmaceuti-
cal surfactants, and their differences may have important
implications for their efficacy. Endogenous pulmonary sur-
factant is a complex mixture of lipids (primarily phospho-
lipids) and specific apoproteins that is highly conserved
across mammalian species. The degree of resemblance of
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pharmaceutical surfactants to native surfactant is highly
variable, and clinical preparations can be divided concep-
tually into 3 groups>!6:18.25;

I: Organic solvent extracts of lavaged lung surfactant
from animals (bovactant, bovine lung extract surfactant,
calfactant)

II: Organic solvent extracts of processed animal lung
tissue, with or without additional synthetic additives (po-
ractant alfa, beractant or surfactant-TA)

III: Synthetic preparations that do not contain surfactant
material from animal lungs (ALEC, colfosceril palmitate,
lucinactant, recombinant protein C surfactant)

Surfactants in categories I and II are sometimes classi-
fied as natural surfactants, and have the closest composi-
tional analogy to endogenous surfactant. Category I sur-
factants are obtained directly from alveolar lavage fluid,
and in principle contain all the surfactant phospholipids
plus the hydrophobic surfactant proteins SP-B and SP-C in
close approximation to the natural ratio (the hydrophilic
surfactant proteins SP-A and SP-D are removed by or-
ganic solvent extraction in all category I and category II
surfactants). Surfactant preparations in category II also
contain surfactant phospholipids and one or both of the
hydrophobic surfactant proteins, but in addition may con-
tain cellular lipids and/or fragments of cellular proteins
because they are derived from processed lung tissue. More-
over, during processing, the content of functionally impor-
tant surfactant proteins can be affected (eg, SP-B is re-
duced to a very low level in beractant during its preparation
from bovine lungs?6-29).

Category III synthetic lung surfactants have conceptual
advantages in purity, reproducibility, manufacturing qual-
ity control efficiency, and scale-up economy compared to
animal-derived surfactants. They are also free from the
risk of prion transmission, and are not subject to cultural
and religious issues that can affect bovine or porcine sur-
factants. However, it has proved to be challenging to bio-
engineer fully synthetic surfactants having high activity
equivalent to native surfactant. Two early protein-free syn-
thetic surfactants (ALEC and colfosceril palmitate) are no
longer used clinically because their activity is substantially
less than existing animal-derived surfactants.?42>27 Two
synthetic surfactants currently under clinical study are lu-
cinactant (KL4 surfactant) and recombinant protein C sur-
factant (recombinant SP-C surfactant). However, the 21-
residue KL4 peptide in lucinactant only roughly approximates
the overall ratio of hydrophobic to charged residues in SP-B,
without any direct sequence analogy to the native protein.
Also, recombinant protein C surfactant contains modified re-
combinant SP-C but no SP-B component.

SP-B appears to be the more important of the 2 hydro-
phobic surfactant proteins. Extensive laboratory studies
have documented that SP-B is more active than SP-C in
interacting biophysically with lipids in lung surfactant ac-
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tivity,2>-3® and supplementation with SP-B or synthetic
SP-B peptides increases the activity of surfactants contain-
ing only SP-C in animal models.2¢2%3° Knock-out mice
with isolated SP-B deficiency die shortly after birth, of
respiratory failure,*® and human infants with SP-B muta-
tions do not survive beyond the first days of life without
surfactant replacement (and ultimately lung transplanta-
tion).2841-43 An elegant series of experiments by Ikegami
et al** using a conditional knock-out mouse model dem-
onstrated that adult mice rendered acutely deficient in SP-B
develop severe respiratory distress with evidence of sur-
factant dysfunction and pulmonary inflammation. Mice
left SP-B deficient died with pathology resembling ARDS,
but the abnormalities were reversed and the mice survived
if SP-B synthesis was restored. Interestingly, these mice
maintained normal levels of the SP-C protein during study.*+

Recent advances in molecular bioengineering and pep-
tide chemistry also provide the potential to design new
even more active synthetic lung surfactants, and several
approaches are being studied.!%20-2445 These include fully
synthetic surfactants bioengineered to contain peptides that
incorporate functionally crucial structural regions in hu-
man SP-B, such as the highly active super mini-B peptide
recently reported by Waring and colleagues.?> New syn-
thetic surfactants can also contain peptide components that
incorporate active regions of other human surfactant apo-
proteins in combination with SP-B peptides.!® Synthetic
exogenous surfactants containing super mini-B or related
peptides can also include novel lipids designed to have
further beneficial molecular properties such as phospho-
lipase-resistance. One particularly active synthetic lipid
analog of this kind is DEPN-8, a phospholipase-resistant
diether lipid developed by Notter and co-work-
ers.!9:21,23:46.47 Synthetic surfactants containing DEPN-8 or
other phospholipase-resistant lipids plus active SP-B pep-
tides have the potential for particular utility in ALI/
ARDS,!9-21.23.48-50 where these lytic enzymes can be elab-
orated in high concentrations during the inflammatory
response in injured lungs.>!->7

Regardless of category (animal-derived or synthetic),
the requirements for an effective therapeutic surfactant in
ALI/ARDS are more stringent than is the case for RDS. To
treat severe acute inflammatory lung injury, exogenous
surfactant must have the greatest possible activity and re-
sistance to inhibition or inactivation. Compositional dif-
ferences among pharmaceutical surfactants are a major
factor in clinical efficacy. The lack of efficacy of surfac-
tant therapy in several randomized clinical trials in adults
with ALI/ARDS may relate at least in part to inadequacies
of the specific surfactant drugs used. For example, the
protein-free exogenous surfactant colfosceril palmitate has
some activity in treating RDS,>3-¢! but it is lower than that of
apoprotein-containing animal surfactants such as calfac-
tant,®>63 and colfosceril palmitate has no clinical benefits in
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Direct risk factors

Indirect risk factors

ALI/ARDS

Alveolo-capillary membrane injury
and vascular dysfunction

Acute inflammation with release
of multiple mediators

Y

\ Y

Y

Pulmonary edema with
release of blood proteins
and inhibitors

Alterations in type Il cells
and intracellular surfactant
aggregate processing

Release of lytic enzymes
and reactive oxygen/
nitrogen species

Y

Y

\ 4

Biophysical inactivation
of alveolar surfactant

Depletion or inactivation
of large surfactant
aggregates

Chemical alterations in
active surfactant
components

Y

Reduced surface active
function of lung surfactant

Fig. 2. Pathways that can contribute to surfactant dysfunction in acute inflammatory pulmonary injury (acute lung injury [ALI] and acute
respiratory distress syndrome [ARDS)]). Initiators of lung injury can act either from the alveolar side (direct lung injury) or from the vascular
side (indirect or extra-pulmonary lung injury). Both the direct and indirect etiologies induce pulmonary inflammation, alveolo-capillary
membrane injury, permeability edema, and reactive vasoconstriction or other vascular dysfunction. In conjunction with this complex
pathology, surfactant dysfunction can occur via the multiple mechanisms shown in the figure and described in the text. The resulting loss
of surface-active function contributes to decreased lung volume, decreased compliance, severe ventilation-perfusion mismatching, and

acute respiratory failure. (Data from References 5 and 72.)

adults with ARDS.%* Similarly, beractant has minimal bene-
fits in adults with sepsis-induced ARDS,®> which correlates
with its very low content of active SP-B. However, beractant
still has substantial activity because of its content of SP-C,?°
and it is efficacious in treating premature infants with RDS
and term infants with acute respiratory failure from meco-
nium aspiration lung injury, as detailed below.%6-6°

The Biologic Plausibility of Surfactant Therapy
in ALI/ARDS

Surfactant replacement therapy in RDS makes intuitive
sense, because surfactant is deficient in the premature lung
and exogenous surfactant directly corrects this deficiency.
The situation in ALI/ARDS, however, is more complex.
Unlike RDS, surfactant dysfunction rather than deficiency
is the more important contributor to ALI/ARDS patho-
physiology. In ALI/ARDS an initially functional pulmo-
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nary surfactant system becomes collateral damage to what-
ever primary process injures the lung, irrespective of
whether the injury originates on the alveolar side (direct
lung injury such as from aspiration, pulmonary infection,
oxygen or toxicity) or from the vascular side (indirect or
extra-pulmonary lung injury such as from sepsis, shock,
pancreatitis, burn injury, or multiple blood transfusions).
During both direct and indirect lung injury, initially active
surfactant can be rendered dysfunctional by a number of
mechanisms (Fig. 2). Specific mechanisms of surfactant
dysfunction in lung injury include>70-72:

¢ Inhibition of surfactant biophysical function by plasma
proteins?7-33.73-79 or other blood components such as fatty
acids,’-8%4 that can leak into the alveolar spaces as a
result of alveolo-capillary membrane injury and de-
creased barrier integrity

e Alterations in alveolar surfactant aggregates, whereby
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the most active large aggregate forms of surfactant are
reduced in activity and/or percent content, while less
active small aggregate forms of surfactant become more
prevalent72,80‘85-93

* Biophysical inhibition and/or chemical alteration of com-
ponents in the alveolar surfactant film induced by cell
membrane lipids,’>79:83.949 meconium,®” or other sub-
stances present during the innate pulmonary inflamma-
tory response, such as proteases,®® phospholipases,?3-99:100
or reactive oxygen/nitrogen species3+101-103

e Altered synthesis, secretion, or composition of active
surfactant due to injury-induced changes in alveolar
type II pneumocytes, which are the primary cells of lung
surfactant metabolism!'04-107

All of the above mechanistic pathways of surfactant
dysfunction are potentially present in the complex pathol-
ogy of ALI/ARDS lung injury, and abnormalities in sur-
factant activity, large aggregate content, or composition
have been well documented in bronchoalveolar lavage from
patients with ALI/ARDS.92:93.108-113 Regardless of mech-
anism, the practical consequences of surfactant dysfunc-
tion in ALI/ARDS are not dissimilar to those in RDS. As
a result of decreased surfactant activity, the lungs become
less compliant, develop progressive loss of aerated vol-
ume, and manifest a worsening ventilation/perfusion mis-
match. Hypoxia, respiratory failure, and the need for re-
spiratory support ensue. Additionally, ALI/ARDS involves
pulmonary inflammation and vascular dysfunction that can
substantially impact overall patient outcomes and response
to therapy. Systemic inflammation and multi-organ (extra-
pulmonary) pathology are particularly prominent in indi-
rect forms of ALI/ARDS. The complex pathophysiology
of ALI/ARDS is reviewed elsewhere.!8:114-121

It is important for therapeutic applications to recognize
that lung injury in ALI/ARDS is a dynamic process. Initial
acute inflammation and surfactant dysfunction can evolve
to a state where pulmonary pathology is heterogeneous
and includes important aspects of chronic or sub-chronic
inflammation, fibroproliferative repair, vascular remodel-
ing, and so on. Within several days following an acute
pulmonary injury, type II pneumocytes also undergo pro-
liferation and can subsequently dedifferentiate to type I
cells (type II pneumocytes are stem cells for the alveolar
epithelium in addition to their surfactant metabolic roles).
Early interventions with exogenous surfactant therapy are
likely to be most effective before type II cell changes and
other chronic or sub-chronic aspects of fibroproliferative
pathology are prominent in the lungs. The evolution of
lung injury may also be exacerbated by positive-pressure
ventilation—so-called ventilator-induced lung injury
(VILD)—further complicating the pathophysiology.!22-125
A major benefit of early exogenous surfactant may be to
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minimize or ameliorate VILI. Improved compliance and
better aeration at lower pressures and volumes with early
surfactant administration may prevent a vicious circle of
ventilator-induced injury thatleads to increasingly and more
injurious levels of ventilator support, leading to further
iatrogenic lung injury.

Additional Surfactant Can Overcome
Surfactant Inhibition/Dysfunction

Because lung surfactant acts on respiratory mechanics
by virtue of its surface-active properties, measurements of
these surface-active properties in vitro have direct physi-
ological importance and provide highly relevant insights
about the rationale for surfactant-based therapies. Multiple
in vitro studies have shown that pulmonary surfactant’s
ability to lower surface tension is impaired by exposure to
albumin, hemoglobin, lyso-phospholipids, fatty acids, and
other substances that leak into the alveolar space in asso-
ciation with injury to the alveolar-capillary membrane, as
described in the preceding section.??-3%73-8% Importantly,
those studies also document that inhibitor-induced inacti-
vation can be overcome by raising surfactant concentra-
tion, offering a plausible mechanism whereby exogenous
surfactant administration might improve lung function af-
ter acute injury. The ability of exogenous surfactants to
overcome inhibition in vitro depends not only on surfac-
tant concentration, but also on their content of essential
apoproteins, particularly SP-B. Exogenous surfactants with
higher contents of SP-B generally have greater activity
and better inhibition resistance than those with little or no
SP-B.> This is particularly relevant clinically, because the
3 major surfactant drugs studied to date in controlled trials
in adults with ARDS contain either no SP-B (colfosceril
palmitate and recombinant protein C surfactant)®+126.127 or
minimal SP-B (beractant).6>

Animal Studies of Surfactant

Although the existence of surfactant dysfunction in ALI/
ARDS and the fact that it can be overcome in vitro by
increasing the concentration of active surfactant provide a
conceptual rationale for surfactant replacement, evidence
from animal studies is also required to support human
therapy. Animal model studies of ALI/ARDS have some
practical limitations, including:

e They largely evaluate short-term outcomes such as ox-
ygenation improvement or acute changes in lung histol-

ogy.

e The injury initiators and species used are diverse and
complicate comparisons.

* Some models, such as saline lavage (one of the most
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commonly used ALI/ARDS models), resemble RDS
more than ALI/ARDS.

e It is difficult to assess potentially crucial clinical factors
such as VILI in short-term animal experiments.

Despite these shortcomings, animal models are an in-
valuable complement to clinical trials in humans. Animal
models of ALI/ARDS can be divided into direct and in-
direct injury models. In analogy with clinical ALI/ARDS,
direct models employ injuries originating on the alveolar
side of the alveolar-capillary membrane (eg, animals given
pneumonia, acid aspiration, intratracheal toxin administra-
tion, hyperoxic exposure). Animals with isolated pulmo-
nary contusion from focused blunt closed-chest trauma are
also conceptually in the direct injury category. Indirect
ALI/ARDS models involve systemic injuries originating
on the capillary side of the alveolar-capillary membrane
(eg, animals given sepsis, intravenous oleic acid, or other
systemic toxin administration). The response to exogenous
surfactant in direct lung-injury models has generally been
positive, whereas treatment responses are less favorable in
indirect injury models.>7!.72

One classic direct ALI/ARDS lung-injury model in-
volves mechanically ventilated animals undergoing re-
peated lung lavage with warmed saline until a level of
hypoxia consistent with ARDS results. This model has
been studied in several mammalian species, and the re-
sponse to instilled active exogenous surfactant has been
consistently positive.?23%-128-137 However, lung lavage pri-
marily induces surfactant deficiency resembling RDS rather
than ALI/ARDS, although superimposed injury from
in vivo lavage and mechanical ventilation is also present.
Other animal models of direct pulmonary ALI/ARDS have
also responded favorably to active exogenous surfactant.
Experiments in 2 models of viral infection, one with Sen-
dai virus in mice,!38 and another with influenza A virus,!3°
show improved oxygenation and lung histology with ex-
ogenous surfactant.

Exogenous surfactant therapy is similarly beneficial in
animals with pneumonia from Preumocystis carinii,'°
group B streptococcus,'#! and acid aspiration pneumoni-
tis.!42-145 Direct lung injury from tracheally instilled lipo-
polysaccharide in animals also responds favorably to ex-
ogenous surfactant administration,'#%-!47 and there was
significant favorable response to exogenous surfactant in
animals with acute hyperoxic injury relevant for ALI/
ARDS_148,149

In contrast, animal models of indirect lung injury gen-
erally respond less well to surfactant administration. Injury
from oleic acid infusion via the pulmonary artery shows
almost no improvement with surfactant,'>° although many
would argue that this is a lethal injury with substantial
cellular disruption'>! that is unlikely to respond to any
therapy. A porcine sepsis model that used intravenous li-

RESPIRATORY CARE ® SEPTEMBER 2011 VoL 56 No 9

popolysaccharide infusion showed some oxygenation im-
provement following surfactant administration,'52153 but
the response was less striking than in the surfactant-treated
animals injured with intratracheal lipopolysaccharide
above.!46:147 It is notable that the different responses to
surfactant between direct and indirect lung injury in ani-
mals resemble the response pattern seen in humans; anal-
ysis of 2 trials found that direct pulmonary ALI/ARDS is
impacted most beneficially by surfactant therapy.!'27-154

In addition to evaluating efficacy, animal models can
also be very useful in evaluating other aspects of surfac-
tant therapy, such as optimizing delivery protocols, doses,
and the timing of therapy. Studies of this kind may be
descriptive from a scientific perspective, but they can have
great practical benefit in optimizing delivery, distribution,
and dosing-related aspects of surfactant therapy. However,
animal work to date has not been particularly extensive or
systematic in investigating these phenomena. One deliv-
ery-related area that has received attention in animal stud-
ies involves surfactant aerosolization. Multiple studies have
reported respiratory improvement with surfactant aerosol
in animals with surfactant deficiency or dysfunc-
tion,!31:135,153.155-163 gJthough other aerosol studies have
been less positive.'®+167 Several animal studies have di-
rectly compared aerosolization to tracheal instillation, and
reported that aerosolization can have equal or greater ef-
fectiveness,131:155.159 whereas others have found that instil-
lation is more effective than aerosolization.!3!.165.168 Ap
example illustrating the need for further clarity on this
issue is the study by Lewis et al.!3! In lung-lavaged sheep,
exogenous bovine lung extract surfactant was effective
when instilled but ineffective when aerosolized, whereas
beractant in the same animal model was more effective
when aerosolized than when instilled. Clinical studies with
aerosolized surfactant have in general not had impressive
results. A small pilot study by Jorch et al'®® reported that
aerosolized bovactant improved the alveolar-arterial oxy-
gen difference in older pre-term infants (28-35 weeks
gestation), but studies with other aerosolized surfactants in
pre-term infants found no respiratory benefits,'70-172 de-
spite the known efficacy of instilled exogenous surfactant
in that patient population. In addition, a large controlled
study by Anzueto et al,** in which they administered aero-
solized colfosceril palmitate to adults with ALI/ARDS,
was also negative, as discussed in more detail below.

If it is possible to perfect aerosol delivery technology
for lung surfactants, this is clearly a conceptually attractive
alternative to instillation for clinical application. Aerosol
delivery might avoid the transient endotracheal tube (ETT)
obstruction and resultant hypoxia and hypotension seen
with bolus instillation. However, delivering aerosolized
surfactant in sufficient quantity and making it distribute
evenly throughout the alveoli of injured lungs is non-triv-
ial. Aerosol enters only ventilated lung units.!57:158.173 Aero-
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sol delivery to the alveoli in normal lungs is maximal in
the particle-size range 0.5-2.0 wm, and it is possible to
generate a stable surfactant aerosol with that particle size
range from aqueous or powdered surfactant.!3>174.175 A
recent study by Ruppert et al'3> demonstrated the ability to
deliver substantial amounts of a powder recombinant pro-
tein C surfactant aerosol with a new aerosol generator to
improve oxygenation and compliance in lung-lavaged rab-
bits. However, whether surfactant aerosolization can be
accomplished in a sufficiently effective and efficient man-
ner to replace instillation requires further and more de-
tailed direct comparisons in animals and subsequently in
human trials.

Animal studies have also investigated issues relevant to
the preferred timing of surfactant therapy in ALI/ARDS.
Bjorklund et al'7® showed in lambs, and Hillman et al'”” in
sheep, that positive-pressure ventilation of the surfactant-
deficient lung can result in substantial lung injury within
minutes, which supports the view that early surfactant ther-
apy is crucial. In addition, both animal'7817° and human
studies'80-181 have demonstrated that prophylactic admin-
istration of surfactant is more effective than later rescue
surfactant delivery because of better surfactant distribution
and avoidance of VILI. Whether the same is true in ALI/
ARDS is unknown, but by analogy it would seem likely
that early surfactant treatment of ALI/ARDS would be
more effective.

Other aspects of surfactant therapy that have been ex-
plored in animal studies include the volume and dose of
surfactant,!8? rapidity of administration,'83 and method of
respiratory support during surfactant administra-
tion.!03.184 As a general rule, a larger instillation volume
and/or higher dose results in more uniform distribu-
tion.!82 Unfortunately, a larger instilled volume can also
cause severe hypoxia and hypotension, due to transient
ETT obstruction.!>#185 The same trade-off is true for
giving surfactant as a rapid bolus, as opposed to over a
longer period; that is, a more homogeneous distribution
is achieved with a rapid bolus, but this also risks ob-
structing the ETT. Using an alveolar recruitment ma-
neuver (eg, manual bagging or a larger tidal volume)
during instillation may facilitate surfactant distribution
and reduce the degree or duration of hypoxia and hy-
potension. Studies by Krause et al'3%137 in young rab-
bits and piglets with lung injury induced by in vivo
lavage found that several methods of volume recruit-
ment (increased ventilator peak inspiratory pressure, tidal
volume, and/or PEEP) at the time of instillation signif-
icantly improved the pulmonary efficacy of surfactant
therapy.

In summary, animal studies have helped to elucidate
several aspects of surfactant efficacy and administration,
and remain indispensible for investigating surfactant ther-
apy and its optimization going forward. However, animal
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studies typically examine a relatively brief experimental
timescale, and necessarily involve the use of non-human
species. Questions of safety and clinical efficacy ultimately
require studies with human patients.

Human Studies

A number of uncontrolled and controlled studies have
documented clinical benefit from exogenous surfactant re-
placement therapy in term infants, children, and adults
with acute respiratory failure (ALI/ARDS) 06-69.154,186-200
(Table 2). Of the 19 positive studies listed in Table 2, 9
were controlled trialg67-69.154.192,197-200 apd 10 were uncon-
trolled treatment trials, in which the risk of selection bias
is inherent. An additional 4 positive case series found
clinical improvement from surfactant therapy but are not
included in Table 2.201-204 Figure 3 describes the clinical
course of a representative child who received surfactant
(calfactant) after near-drowning.2°> Near-drowning washes
out pulmonary surfactant and is often accompanied by
hypoxia and aspiration of gastric contents, which may lead
to permeability lung injury. Thus, it can involve both sur-
factant deficiency and dysfunction. Radiographic changes
in lung aeration are clear and are reflected in the dramatic
oxygenation improvement associated with calfactant ad-
ministration.

Despite the relatively small size and mixed nature of the
studies in Table 2, the sum of their findings shows that
there are a number of specific indications where the evi-
dence for the use and efficacy of exogenous surfactant
therapy in acute pulmonary injury is compelling. One of
the best-studied applications of surfactant therapy for an
indication other than RDS is in full-term infants with meco-
nium aspiration syndrome.®0-¢%-19¢ Meconium is a thick,
tarry mixture of bile acids and mucous glycoproteins that
fills the fetal colon during gestation, and prenatal defeca-
tion and gasping episodes associated with maternal/fetal
stress can lead to meconium aspiration at or prior to birth.
Meconium mechanically obstructs airways, causes inflam-
mation,?°® and inhibits the biophysical activity of lung
surfactant.97:207 Auten et al,'9¢ Khammash et al,°¢ and Find-
lay et al®” have all reported significant lung-function im-
provement following exogenous surfactant administration
(calfactant, beractant) to infants with meconium aspiration
syndrome. The randomized controlled study by Findlay
et al®’ also found significant reductions in the incidence of
pneumothorax, duration of mechanical ventilation and ox-
ygen therapy, time of hospitalization, and extracorporeal
membrane oxygenation (ECMO) requirement in 20 term
infants with meconium aspiration syndrome treated with
beractant, compared to a similar number of controls. Lotze
et al°® also reported favorable results with beractant in a
controlled trial in term infants referred for ECMO due to
severe respiratory failure (meconium aspiration was a prev-

RESPIRATORY CARE ® SEPTEMBER 2011 VoL 56 No 9



THE FUTURE OF EXOGENOUS SURFACTANT THERAPY

Table 2.  Selected Controlled and Uncontrolled Clinical Studies That Reported Significant Benefits From Exogenous Surfactant Therapy in ALI/
ARDS
Alilltr}?(t)r P;;;gt N;;Itlib;rtsof Disease Surfactant Outcomes

Giinther'®¢ Adults 27 ARDS Bovactant Improved surfactant function

Walmrath'#® Adults 10 ARDS, sepsis Bovactant Improved oxygenation

Spragg'®’ Adults 6 ARDS, multiple causes Poractantalfa Improved oxygenation and biophysical
function

Wiswell ' Adults 12 ARDS, multiple causes Lucinactant Improved oxygenation

Amital*® Adults 42 Lung transplant Calfactant Improved oxygenation, better graft
function

Willson'?!-19% Children 29 and 42  ARDS, multiple causes Calfactant Improved oxygenation

Willson'>* Children 152 ARDS, multiple causes Calfactant Improved survival and ventilation

Lépez-Herce'?? Children 20 ARDS + after cardiac surgery  Poractantalfa Improved oxygenation

Hermon'** Children 19 ARDS + after cardiac surgery  Poractant alfa or Improved oxygenation

bovactant

Herting'®° Children 8 Pneumonia Poractantalfa Improved oxygenation

Moller'?? Children 35 ARDS, multiple causes Bovactant Improved oxygenation

Auten'?® Infants 14 Meconium aspiration syndrome  Calfactant (calf lung Improved oxygenation

or pneumonia surfactant extract)

Lotze®®%° Infants 28 and 328  ECMO, multiple indications Beractant Improved oxygenation, decreased use of
ECMO

Khammash®® Infants 20 Meconium aspiration syndrome Bovine lung extract  Improved in 75% of patients

surfactant

Findlay®’ Infants 40 Meconium aspiration syndrome Beractant Improved oxygenation, less pneumothorax
and mechanical ventilation

Luchetti'7198 Infants 20 and 40  Respiratory syncytial virus Poractantalfa Improved oxygenation

bronchiolitis

* The tabulated studies by Willson et al,!%!192 Findlay et al,&7 Moller et al,!® Lotze et al,%6 Luchetti et al,!71% and Amital et al?® were controlled trials. The remaining 10 studies listed were
uncontrolled treatment trials. Four case series20!-2% that found clinical improvement from exogenous surfactant after lung transplantation are not listed in this table.

ALI = acute lung injury

ARDS = acute respiratory distress syndrome
ECMO = extracorporeal membrane oxygenation
(Data from Reference 16.)
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Fig. 3. Clinical course of a child before and after calfactant admin-
istration. HFOV = high-frequency oscillatory ventilation. INO =
inhaled nitric oxide. CT = chest tube. (Adapted from Reference 205.)

alent diagnosis). A subsequent larger multicenter controlled
trial with 328 term infants similarly reported significant
improvements in respiratory status and decreased need for
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ECMO following surfactant treatment.®® Exogenous sur-
factant is now routinely used in many institutions to treat
neonates with meconium aspiration syndrome, as well as
infants with respiratory failure from pneumonia. Clinical
studies documenting the efficacy of surfactant therapy in
pneumonia are less extensive than for meconium aspira-
tion syndrome, but those that are available have been pos-
itive.!9¢-198 An initial uncontrolled study by Auten et al'°®
reported significant improvements in oxygenation in term
infants with pneumonia following instillation of calfactant
(calf lung surfactant extract [CLSE]). Also, Luchetti
et al'®7.198 reported both improved oxygenation and short-
ened duration of ventilation following treatment with por-
cine surfactant (poractant alfa, 50 mg/kg) in 2 small con-
trolled but unblinded studies of infants with RSV
bronchiolitis.

Experience with clinical surfactant therapy in adults with
ALI/ARDS has been much less encouraging than in younger
patients. In a large controlled trial, Anzueto et al®* admin-
istered nebulized colfosceril palmitate or placebo to 725
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adults with ARDS secondary to sepsis and found no ox-
ygenation improvement and no effect on morbidity or mor-
tality. However, that study was flawed by the facts that
colfosceril palmitate is a poor surfactant, and the aerosol
technology they used delivered very little colfosceril palmi-
tate to the alveoli. Additionally, it appears now, from both
animal and human data, that surfactant therapy is inher-
ently less effective in indirect lung injury such as sepsis,
compared to direct pulmonary ALI/ARDS. Several other
controlled clinical trials of surfactant therapy in adults
have also reported disappointing results. Gregory et al®s
found some oxygenation improvement for a subgroup of
patients with sepsis-induced ALI/ARDS who received in-
termediate-size doses of beractant (100 mg/kg), but no
oxygenation improvement in other treated groups, and no
long-term benefits in the overall 43 surfactant-treated pa-
tients studied.

Spragg et al,'?” using synthetic SP-C surfactant (recom-
binant protein C surfactant), also reported improved oxy-
genation but no long-term benefits, relative to placebo, in
adults with ARDS. On post hoc analysis, however, sur-
factant-treated subjects with direct lung injury appeared to
have better survival, so Spragg et al carried out a similarly
designed randomized controlled trial focused on direct lung
injury. Unfortunately, that study was stopped for futility
after an interim analysis at 800 subjects (personal com-
munication, Roger Spragg, Division of Pulmonary and Crit-
ical Care Medicine, University of California School of
Medicine, San Diego, California, 2010). Finally, a study
by Kesecioglu et al,'85 with a porcine surfactant called
HL-10, was also stopped at an interim analysis because of
a potential harmful effect. They instilled surfactant in 2
large boluses and saw a significant incidence of peri-dos-
ing hypoxia and hypotension (> 60%). There was also a
suggestion of higher mortality in the surfactant group at
the 6-month follow-up, which was not seen at 3 months,
although there is no known plausible mechanism for that
higher mortality.

Exogenous surfactant therapy was successfully used in
a randomized controlled study by Amital et al,>%° in 42
adult patients following lung transplant. The calfactant-
treated patients had better oxygenation, less post-graft dys-
function, shorter ICU stay, and better lung function at one
month. That study followed multiple uncontrolled case
studies that also reported clinical improvements from ex-
ogenous surfactant therapy in adults and children after
lung transplantation.201-203

Controlled studies of surfactant therapy in children with
ALI/ARDS have been more encouraging than those in
adults. A randomized but unblinded trial by Willson et al'°2
in 42 children with ALI/ARDS found that those who re-
ceived calfactant (70 mg/kg) had immediate improvement
in oxygenation and fewer ventilator days and days in in-
tensive care. That trial followed an initial uncontrolled
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treatment study by the same group, which found improved
oxygenation in 24 children (ages 0.1-16 y) with ALI/
ARDS treated with instilled calfactant.!®!

A controlled study by Moller et al'® also reported that
children with ARDS showed immediate oxygenation im-
provement and less need for rescue therapy following treat-
ment with beractant, but the trial was underpowered to
assess more definitive longer-term outcomes. A larger and
more recent blinded controlled study in 2005 by Willson
et al,’>* in patients up to age 21 years with ALI/ARDS,
found that treatment with calfactant, relative to placebo,
was associated with immediate oxygenation benefit and a
significant survival advantage (Table 3). In a post hoc
analysis, the benefits of surfactant therapy were confined
to the 98-patient subgroup with direct pulmonary ALI/
ARDS (Table 4), which prompted a larger prospective trial
in both adults and children with direct lung injury: the
Calfactant for Direct Acute Respiratory Distress Syndrome
(CARDS) trial (http://clinicaltrials.gov/ct2/show/
NCT00682500), which was a prospective, masked ran-
domized controlled trial of calfactant versus placebo. The
study was carried out in more than 30 centers in the United
States, Canada, Korea, Israel, Australia, and New Zealand.
The data analysis is incomplete, but, unfortunately, both
the adult and pediatric arms were stopped because of fu-
tility. The reasons for the failure of this trial after the
success of the previous trials of Willson et al'5+192 remain
to be elucidated.

Summary and the Future of Surfactant Therapy

Exogenous surfactant has a well established place in the
prevention and treatment of infant RDS. Efficacy in other
types of ALI in neonates (eg, meconium aspiration, neo-
natal pneumonia) has also been studied in controlled and
uncontrolled trials, and surfactant treatment for those con-
ditions has become fairly routine. In lung injury beyond
the neonatal period, however, evidence for the efficacy of
surfactant therapy is less extensive, although several con-
trolled studies in children and older adolescents with ALI/
ARDS have been encouraging.!>*1°2 Evidence for surfac-
tant therapy in adults with ALI/ARDS is much less
compelling, and remains a work in progress.

Many factors can contribute to inconsistency in the re-
sults about surfactant therapy in ALI/ARDS. The com-
plexity of ALI/ARDS itself undoubtedly plays a large role,
as it is not a single disease but, rather, the end result of
many different types of acute pulmonary injury. The more
favorable response in patients with direct versus indirect
lung injury found by Spragg et al'?’ and Willson et al'>*
illustrates this point. Timing of surfactant administration
in ALI/ARDS may also be very important for efficacy,
particularly if a major benefit of the therapy is to prevent
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Table 3. Clinical Outcomes in the 2005 Study by Willson et al'>*
Calfactant Placebo p
(no. = 75) (no. = 75)
Mortality, no. (%)
Died (in hospital) 15 (19) 27 (36) .03
Died without extubation 12 (16) 24 (32) .02
Failed conventional mechanical ventilation, no. (%)* 13 (21) 26 (42) .02
ECMO, no. 3 3 99
Nitric oxide, no. 9 10 .80
HFOV after entry, no. 7 15 .07
Secondary Outcomes (mean * SD)
PICU stay (d) 152 =133 13.6 = 11.6 .85
Hospital stay (d) 26.8 = 26 253 £322 91
Days O, therapy (d) 173 = 16 18.5 £ 31 93
Hospital charges ($) .83
Total 205,000 = 220,000 213,000 = 226,000 14
Per day 7,500 = 7,600 7,900 * 7,500

* Some of the patients who failed conventional mechanical ventilation had more than one of the non-conventional therapies listed.

ECMO = extracorporeal membrane oxygenation
HFOV = high-frequency oscillatory ventilation
PICU = pediatric intensive care unit

Table 4.  Efficacy of Exogenous Surfactant in Direct and Indirect
Lung Injury in the Controlled 2005 Study by Willson
et al'* in Patients Up To 21 Years Old With ALI/ARDS
Placebo  Calfactant* P
Direct lung injury, no. 48 50 NA
Oxygenation index decrease 31 66 <.001
= 25% (%)
Ventilator days 1710 13+9 .05
Died (%) 38 8 <.001
Indirect lung injury, no. 27 27 NA
Oxygenation index decrease 41 37 .79
= 25% (%)
Ventilator days 1710 18 =10 75
Died (%) 33 41 .65

+ values are mean * SD

* Calfactant dose was 70 mg/kg body weight.!5* Percentages of patients with an oxygenation
index decrease of = 25%, days on mechanical ventilation, and percentage mortality were
calculated in a post-hoc analysis.

NA = not applicable

ALI = acute lung injury

ARDS = acute respiratory distress syndrome

ECMO = extracorporeal membrane oxygenation

or ameliorate VILI, which would require early use of sur-
factant.

The effectiveness of surfactant delivery due to differ-
ences in drug volume, drug viscosity, delivery rate, or
delivery method (instillation vs aerosolization) may also
be of great importance for surfactant therapy in ALI/ARDS.
Pulmonary pathology in inflammatory injury is severe and
heterogeneous,?08-211 and getting exogenous surfactant into
injured lung areas in a concentration sufficient to over-
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come inhibition by inflammatory and other substances is a
challenge. How the lung is ventilated during and immedi-
ately after surfactant delivery can substantially impact drug
distribution. The recruitment of alveoli by bagging or other
recruitment maneuvers during surfactant drug delivery may
open otherwise inaccessible areas of injured lung, and these
may then remain open if exogenous surfactant has reached
them effectively.!36-137 Also, if surfactant delivery via aero-
solization can be perfected, it might avoid the transient
hypoxia, hypertension, and ETT obstruction associated with
instillation. However, studies have shown that, despite the
drawbacks, instillation benefits patients with several forms
of ARDS.

Another major variable in surfactant therapy is the spe-
cific composition and activity of the exogenous surfactant
drug used. A large number of studies have identified sig-
nificant differences in activity between surfactant drugs at
the laboratory level.>!0.18.72 Differences in exogenous sur-
factant activity are likely to be more crucial in treating
ALI/ARDS, compared to RDS. Successful treatment of
ALI/ARDS requires the most robust surfactants because of
the need to resist inhibition by substances that leak into the
alveolar space as a result of permeability injury. In gen-
eral, surfactants with an adequate percentage of SP-B ap-
pear to be the most resistant to inhibition. It is promising
that new synthetic surfactants based on active SP-B pep-
tides are currently being developed, including super mini-B
surfactant.>> New synthetic lung surfactants under devel-
opment can also be formulated to contain novel active
lipids that resist degradation by phospholipases in injured
lungs.19:23:48
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A final factor not emphasized in this article is the po-
tential of combination therapies in ALI/ARDS. The patho-
physiology of ALI/ARDS is complex and multifaceted,
and single agents may not be sufficient to achieve the most
substantial benefits to long-term patient outcomes. The use
of exogenous surfactant in conjunction with other modal-
ities to simultaneously attack different aspects of the patho-
physiology of ALI/ARDS may prove to be synergistic—
not unlike the use of combination chemotherapy for various
types of cancer. As one example, if surfactant can improve
the distribution of ventilation in the lung, simultaneous use
of nitric oxide as a synergistic agent may increase perfu-
sion to the newly ventilated lung units. The potential use
of other pharmacologic agents, along with gentle low-
tidal-volume ventilation and careful fluid management, in
combination with surfactant is also possible. Detailed dis-
cussion of combination therapy approaches for ALI/ARDS
are reviewed elsewhere.!8-212

In summary, it is likely that surfactant will find a place
in our armamentarium for the treatment of ALI/ARDS
when some of the above issues are clarified. As the famous
philosopher Yogi Berra so eloquently stated, “Predictions
are difficult, particularly about the future.” Nonetheless,
surfactant therapy has in fact already been shown to be
beneficial in several lung-injury applications in term in-
fants and children, in addition to its life-saving use in
pre-term infants with RDS. The jury is still out with re-
spect to the use of surfactant therapy in adults with ALI/
ARDS, and several negative studies clearly do exist. How-
ever, the perspective of history shows that the first trials of
surfactant therapy in RDS were unsuccessful due to the
use of ineffective surfactants and delivery methods, and it
was more than 2 decades after surfactant deficiency was
first suggested to be the cause of RDS7 before Fujiwara
et al'3 demonstrated successful treatment of premature in-
fants with exogenous surfactant. Lung injuries leading to
clinical ALI/ARDS clearly comprise a more complicated
and diverse set of conditions than RDS, and finding the
most successful surfactant interventions, delivery meth-
ods, and possible synergistic combination therapies may
simply require more time.
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Discussion

DiBlasi: Of the 4 surfactant studies
you mentioned that were not in pre-
mature infants,!# were there any note-
worthy differences in the ventilation
modes or the approach to mechanical
ventilation?

1. Anzueto A, Baughman RP, Guntupalli KK,
Weg JG, Wiedemann HP, Raventds AA, et
al. Aerosolized surfactant in adults with sep-
sis-induced acute respiratory distress syn-
drome. Exosurf Acute Respiratory Distress
Syndrome Sepsis Study Group. N Engl
J Med 1996;334(22):1417-1421.

2. Spragg RG, Lewis JF, Walmrath HD, Jo-
hannigman J, Bellingan G, Laterre PF, et
al. Effect of recombinant surfactant pro-
tein C-based surfactant on the acute respi-
ratory distress syndrome. N Engl J Med
2004;351(9):884-892.

3. Kesecioglu J, Beale R, Stewart TE, Findlay
GP, Rouby JJ, Holzapfel L, et al. Exogenous
natural surfactant for treatment of acute lung
injury and the acute respiratory distress syn-
drome.Am J Respir Crit Care Med 2009;
180(10):989-994.

4. Spragg RG, Taut FJ, Lewis JF, Schenk P,
Ruppert C, Dean N, et al. Recombinant sur-
factant protein C-based surfactant for pa-
tients with severe direct lung injury.Am J
Respir Crit Care Med 2011;183(8):1055-
1061.

Willson: They used ventilation pro-
tocols, but I don’t recall the details of
them, and only the last two studies
used low V1. Roger Spragg has al-
ways been involved with the Acute
Respiratory Distress Syndrome Net-
work, and his studies have used low
V. Lachmann’s group also used a ven-
tilation protocol that they said was
modeled after the Acute Respiratory
Distress Syndrome Network low-V
strategy. So, other than the first study, I
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modality therapies for lung injury. In: Notter RH, Finkelstein JN,
Holm BA, editors. Lung injury: mechanisms, pathophysiology, and

therapy. Boca Raton: Taylor & Francis; 2005:779-838.

think yes, they were fairly comparable
in terms of how they were managed.

Curley: Thank you for all of the
work you’ve done over the years.
You’ve been a pioneer and a colleague
to many who’ve walked behind you.
You are always there with good sug-
gestions and are very generous with
your work.

I think surfactant ought to be used
in certain subpopulations You can’t
deny some of these cases. Which of
the diagnoses are more responsive to
surfactant?

Willson: The devil is in the details.
Distribution is a big issue. We have to
work out the details regarding admin-
istration. The data are very sparse.
What volume? What dose? How of-
ten? How exactly is it given? The dif-
ference between our 3 previous stud-
ies!3 and this study (Calfactant for
direct acute respiratory distress syn-
drome [CARDS] trial. http://clinical
trials.gov/ct2/show/NCT00682500)
relate to how it was given—not so
much the patient population.

The first question I want to answer
is how do we best administer it? After
that, the data that we have say that it
is most helpful in direct lung injury.
In my own experience—and I do give
it off-label when we’re not involved
in studies—I’ve seen kids in whom
surfactant is like a resurrection. The
very first kid I gave it to I thought was
going to be on ECMO by the evening,
and he was extubated 2 days later. And
I’ve also had kids in whom it did ab-
solutely nothing.

It’s possible that there are differ-
ences in concentration, strength, et ce-
tera, because it’s a biological product.
It’s a very complex issue. But some of
the details we’ve talked about are im-
portant, and I think that’s the first
thing. Once we figure out if there are
differences in how it’s distributed, de-
pending on how you give it, then the
next thing will be to look at the pa-
tient populations.

1. Willson DF, Jiao JH, Bauman LA, Zaritsky
A, Craft H, Dockery K, et al.: Calf’s lung
surfactant extract in acute hypoxemic re-
spiratory failure in children. Crit Care Med
1996;24(8):1316-1322.

2. Willson DF, Zaritsky A, Bauman LA, Dock-
ery K, James RL, Conrad D, et al. Instilla-
tion of calf’s lung surfactant Extract (Infa-
surf) is beneficial in pediatric acute
hypoxemic respiratory failure. Members of
the Mid-Atlantic Pediatric Critical Care
Network. Crit Care Med 1999; 27(1):188-
195.

3. Willson DF, Thomas NJ, Markovitz BP,
Bauman LA, DiCarlo JV, Pons S,, et al.
Effect of exogenous surfactant (calfactant)
in pediatric acute lung injury: a random-
ized controlled trial. JAMA 2005; 293(4):
470-476. Erratum in JAMA. 2005;294(8):
900.

Curley: Maybe it’s in the biological
processes, and we just don’t know
enough about the processes that we’re
administering the product in?

Willson: There’s no question about
that. There are different types of sur-
factant, and it is not a simple substan-
ce.There are multiple phospholipids,
neutral lipids, and surfactant proteins,
all of which have to come together to
be effective, and that may be one of the
problems with aerosolization.
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Wiswell: Doug, I'm intrigued by the
concept of administering dilute sur-
factant via lung lavage. [ was involved
with a study in the late 1990s in adults,
in which surfactant was delivered via
bronchoscopy to the individual pul-
monary segments.! We had some glim-
mers of success, but the follow-up trial
fell through. I was subsequently in-
volved in a small trial in which we
directly lavaged the lungs, viathe ETT,
of neonates with meconium aspiration
syndrome.? We also had some glim-
mers there.

We subsequently performed a larger
trial in meconium aspiration syndrome
with this technique. Unfortunately, the
pharmaceutical company sponsoring
that trial has kept all the data under
wraps, as they concentrated on the
RDS population in their attempt to get
FDA approval of their surfactant. Re-
cently the Australia/New Zealand
study? used a similar approach in ba-
bies with meconium aspiration syn-
drome, lavaging the lungs with dilute
surfactant. The lavaged group had
lower mortality and were less likely
to need ECMO.

Thus, I’'m wondering if with certain
disorders the lavage approach may be
a better way to administer surfactant.
When I think of ALI/ARDS or meco-
nium aspiration syndrome, I think of
the crap inside the lungs, including
inflammatory products and other ma-
terial that deactivates surfactant. It
seems logical to wash out that debris
and leave behind some functioning
surfactant, if we can do it without
harming the patient. Adults are big-
ger, so you can bronchoscope them
easier than you can kids. On the other
hand, one can lavage a baby directly
via the ETT a lot easier than you can
a 4-year-old or 8-year-old. Any
thoughts on administration?

1. Wiswell TE, Smith RM, Katz LB, Mas-
troianni L, Wong DY, Willms D, et al.
Bronchopulmonary segmental lavage
with Surfaxin (KL(4)-surfactant) for acute
respiratory distress syndrome. Am J Re-
spir Crit Care Med 1999;160(4):1188-
1195.

2. Wiswell TE, Knight GR, Finer NN, Donn
SM, Desai H, Walsh WF, et al. A multi-
center, randomized, controlled trial com-
paring Surfaxin (Lucinactant) lavage with
standard care for treatment of meconium
aspiration syndrome. Pediatrics 2002;
109(6):1081-1087.

3. Dargaville PA, Copnell B, Mills JF, Haron
I, Lee JK, Tingay DG, et al; lessmeconium
aspiration syndrome Trial Study Group.
Randomized controlled trial of lung lavage
with dilute surfactant for meconium aspi-
ration syndrome. J Pediatr.2011;158(3):
383-389.e2.

Willson: There have been some un-
controlled studies, and it does make
intuitive sense, particularly if distri-
bution is a major problem: it makes
intuitive sense to deliver it via bron-
choscopy. From a practical point of
view it would require a lot more ef-
fort to do, so I fear that study will
never be done. The study you’re re-
ferring to had about 90 adults, which
for an adult study is small.! One im-
portant problem with any clinical
study in children is that the standard
is about a 10% mortality, and that’s
going to be hard to beat, particularly
the morbidity associated with just in-
tubating, general anesthesia, and
bronchoscopy in a small child or
baby. I think we’re going to have to
look at it some other way. Some of
the problem with debris in the lung
undoubtedly develops over time, but
if you could give surfactant early
down the ETT I think it might help.
And it may not be so much who but
when: 3 days into the disease there
may already be severe VILI and se-
vere heterogeneity in the lung, and
then it’s too late.

1. Gregory TJ, Hicklin G, Willms D, Fletcher
EC, Hite RD, et al. Lucinactant broncho-
pulmonary segmental lavage (BPSL) in pa-
tients with ARDS. Presented at The Amer-
ican Thoracic Society International
Conference 2007; May 18-23, San Fran-
cisco, CA.

Walsh: [ want to confirm your
thought about recruitment. I partici-
pated as a dosing administrator in your
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study, and I remember hearing the
care team (who was blinded to the
study drug) look at the oxygen sat-
uration and state, “Oh, this kid got
surfactant!” when I knew that pa-
tient got a sham dose. I couldn’t say
anything, but I remember that viv-
idly in at least 2 patients. I think
there’s potentially something there.
When you’re talking about giving it
early, how early is early? Would you
consider using a laryngeal mask air-
way and then putting them back on
noninvasive ventilation?

Willson: Like the neonates? I think
the solution would be to aerosolize it,
then give via noninvasive ventilation.
Unfortunately, aerosolization hasn’t
been successful so far. If I knew which
way a kid was headed, I'm sure I
wouldn’t hesitate to use it early, par-
ticularly if you could effectively aero-
solize it. If it were my own child, that’s
what I would do.

But you know, Brian, if you look at
a kid admitted with pneumonia, for
example, early on it is difficult to de-
termine their clinical trajectory, so get-
ting approval for a study to treat non-
intubated children seems unlikely. I
think the best we can do, since aero-
solization doesn’t seem to work, would
be to conduct a study in which the
surfactant is instilled immediately af-
ter intubation. This would allow the
best possible distribution and the pos-
sibility of avoiding some of the posi-
tive-pressure-associated lung injury,
and would be the best test of whether
instilled surfactant is helpful.

Rubin: Actually, surfactant has been
successfully aerosolized into humans
and produced a benefit. We published
a COPD trial in JAMA that showed
significant mobilization of secretions
and improvement in pulmonary func-
tion.! A similar study was done in per-
sons with cystic fibrosis. So there may
be different end points when used as
an ambulatory therapy.
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1. Anzueto A, Jubran A, Ohar JA, Piquette
CA, Rennard SI, Colice G, et al. Effects of
aerosolized surfactant in patients with sta-
ble chronic bronchitis. A prospective ran-
domized controlled trial. JAMA 1997;
278(17):1426-1431.

Willson: What were the end points
in that study?

Rubin: Pulmonary function, secre-
tion biophysical properties and trans-
portability, and gas trapping as mea-
sured via Dy o [diffusing capacity of
the lung for carbon monoxide].

Willson: I was not aware of those
data. Which surfactant was it?

Rubin: The study was done a long

time ago. It was Exosurf. I was the
senior author.
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Willson: Interesting. An incomplete
surfactant to say the least. Thank you.

Curley: Doug, in the current study
(Calfactant for direct acute respiratory
distress syndrome [CARDS] trial.
http://clinicaltrials.gov/ct2/show/
NCT00682500) what was the number
of patients enrolled per site?

Willson: In the pediatrics study I
think it was 32. In the adult study there
were about 60.

Curley: Andthe numberenrolled per
site?

Willson: Some sites, as you can
imagine, only had one. Omaha Chil-
dren’s had 18, I think. There was a
wide range of numbers

Curley: It might be interesting to
take away the first 3 or 4 patients and
look at the data after that, because it is
operator-dependent, and even in the
activated protein-C trial the first 3 or 4
patients per site showed different out-
comes than those who followed. It shows
that expertise at the bedside matters.

Willson: [ appreciate the suggestion.
We’re trying to determine if there is a
patient population that responds
acutely and whether there are differ-
ences between the sites. Some of that
will depend on how many different
patients you enroll in the study. We’re
also beginning to look at the adult data
and whether there are differences be-
tween the children and adults. My guess
is not, but we’ll see.
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