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dampened by initial unsuccessful attempts by Robillard et al. [9] 
and Chu et al. [10,11] in the 1960s to use aerosolized dipalmitoyl 
phosphatidylcholine (DPPC), the major phospholipid component of 
pulmonary surfactant, to treat HMD in premature infants. This 
lack of success was misunderstood as indicating that HMD was not 
caused by surfactant defi ciency and, consequently, that surfactant 
replacement was not an effi cacious treatment [11]. Fifteen years of 
biophysical, biochemical, and animal research was required to 
reverse this clinical misconception and establish a fi rm scientifi c 
basis for exogenous surfactant therapy (see Notter [12] for detailed 
review). Basic science research made it clear that DPPC alone is not 
active lung surfactant and that the aerosolization techniques used 
by Robillard et al. [9] and Chu et al. [11] were ineffective for alveolar 
delivery. In 1980, Fujiwara et al. [13] reported the fi rst successful 
use of exogenous surfactant therapy in premature infants with 
RDS, although it was another decade before FDA-licensed surfac-
tant drugs were available in the United States. Exogenous surfac-
tant therapy is now a standard of care for the treatment and 
prevention of RDS in premature infants, but the utility of this 
treatment approach in other conditions such as clinical acute lung 
injury (ALI) and acute respiratory distress syndrome (ARDS) is 
less certain and remains the subject of ongoing research as 
detailed later.

Pulmonary Surfactant and Its Functions

Pulmonary surfactant serves two primary functions in the lungs. 
It is fi rst and foremost a surface-active agent that lowers and varies 
surface tension to reduce the work of breathing, stabilizes alveoli 
against collapse and overdistension, and lessens the hydrostatic 
driving force for edema fl uid to transudate into the interstitium 
and alveoli. In addition, specifi c apoprotein components of lung 
surfactant have been found to play an important role in the lung’s 
innate immune response.

Surface Tension and Surfactants

Molecules at the interface between two phases (solid, liquid, or gas) 
are subjected to specialized conditions that generate associated 
forces, which manifest as an interfacial tension. Surface tension is 
the common name given to the interfacial tension at the liquid–gas 
interface. In biologic systems, the most prevalent liquid–gas 
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Overview of Lung Surfactant and Exogenous 
Surfactant Therapy

Pulmonary surfactant is the evolutionary solution to the problem 
of surface tension and air breathing. Without surfactant, each 
breath would require inordinate energy expenditure to expose the 
huge intrapulmonary surface (approximately the size of a badmin-
ton court) to inspired air, and life on land, at least as we know it, 
would be virtually impossible. One of the fi rst insights into the 
existence of surface tension forces in the lungs came from the study 
of von Neergaard in 1929 [1]. Von Neergaard observed that it took 
nearly twice as much pressure to infl ate excised animal lungs with 
air as it did with fl uid. He speculated that because infl ating the 
lungs with an aqueous solution eliminated the air–liquid interface 
in the alveoli, the additional work required to infl ate the lungs with 
air must be incurred in overcoming surface tension forces at that 
interface. Von Neergaard’s work was supported several decades 
later in studies by Gruenwald [2] and Mead et al. [3], which further 
documented the importance of surface tension forces in respira-
tion. Moreover, additional studies indicated that surface tension 
forces were moderated in the normal lungs by the action of surface-
active agents (i.e., surfactants). Work by Pattle [4] in 1955 suggested 
that the stability of bubbles in the foam expressed from the lungs 
was related to surfactants that acted to abolish the tension of the 
alveolar surface. Clements [5], Brown [6], and Pattle [7] subse-
quently confi rmed the existence of surfactants in the lungs by 
further surface tension and biochemical studies.

The crucial physiologic importance of lung surfactant in respira-
tion was shown by the early fi nding that a lack of this material in 
premature infants contributed to the development of hyaline mem-
brane disease (HMD; later called the neonatal respiratory distress 
syndrome or RDS) [7,8]. This fi nding stimulated the interest of 
physicians, spurring further research into the function and com-
position of surfactant. However, clinical interest was signifi cantly 
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interface involves a water-based fl uid layer contacting air, as occurs 
in the alveoli of mammals. In the absence of lung surfactant, 
surface tension at the alveolar interface would be quite high—on 
the order of 50 dynes/cm for tissue fl uid that contains nonspecifi c 
soluble proteins and other endogenous solutes [12]. The surface 
tension of aqueous fl uids is high because water is a strongly polar 
substance with signifi cant intermolecular attractive forces. Liquid 
(water) molecules at the interface have a strong attraction toward 
the bulk of the liquid with no equivalent attractive forces above the 
surface because molecules in the gas (air) are so dilute. These 
unbalanced forces cause the surface to minimize its area, giving 
rise to surface tension (Figure 10.1). In a construct such as a spheri-
cal bubble, surface tension forces necessitate a pressure drop to 
maintain the interface at equilibrium against collapse. As described 
by Laplace in the 18th century for a spherical bubble, this pressure 
drop (ΔP) is directly proportional to the surface tension (γ) and 
inversely proportional to the radius of curvature (R), that is, ΔP = 
2γ/R.

Surfactants are molecules that have an energetic preference for 
the interface. Molecules that are surface active at an air–water 
interface all share the characteristic of being amphipathic, that is, 
possessing both polar and nonpolar regions in their structure. Pul-
monary surfactant is largely composed of phospholipids that are 
molecules with polar phosphate head groups and nonpolar fatty 
chains or tails. This structure gives phospholipids an energetic 
preference for the interface in that they can orient with the polar 
head group in the aqueous hypophase and the nonpolar hydro-
carbon moieties in the air. Lung surfactant also contains proteins 
that have regions of polar and nonpolar structure, and these pro-
teins interdigitate with phospholipid molecules in the interfacial 
fi lm and in bilayers/lamellae in the aqueous phase. A surfactant 
fi lm at an air–water interface acts to lower surface tension because 
the attractive forces between surfactant molecules and water mol-
ecules are less than those of water molecules for each other (if this 

were not true, and the surfactant molecules had a stronger attrac-
tion for water, they would necessarily go into solution rather than 
being at the interface). The presence of a surfactant fi lm thus 
reduces the net unbalanced attractive force between interfacial 
region and bulk liquid molecules, lowering surface tension as a 
function of surfactant concentration. In the lungs, the surfactant 
fi lm at the alveolar interface has powerful consequences for pres-
sure–volume (PV) mechanics and respiratory function.

Effects of Lung Surfactant on Respiratory Physiology

Pulmonary surfactant exists in the alveolar hypophase in a complex 
microstructure of phospholipid-rich aggregates with incorporated 
apoproteins. Surfactant molecules in the hypophase adsorb to the 
air–water interface, which is energetically preferred as described 
above. The resulting surface fi lm is compressed and expanded 
during breathing and lowers and varies surface tension in a dynamic 
fashion. As alveolar size decreases during exhalation, the surfac-
tant fi lm is compressed and surface tension reaches very low values 
(<1 mN/m compared with 70 mN/m for pure water at 37°C). As 
alveolar size increases with inspiration, the surfactant fi lm is 
expanded, and surface tension proportionately increases. This 
dynamic variation of surface tension with area allows alveoli of 
different sizes to coexist stably at fi xed pressure during respiration 
(Figure 10.2). Small alveoli resist collapse at end expiration because 
their surface tension is low, and alveolar infl ation is better distrib-
uted during inhalation because the ratio of surface tension to area 
is more uniform in different-sized alveoli. Moreover, by reducing 
surface tension throughout the lungs, surfactant decreases the 
pressures (work) needed for pulmonary infl ation. There is a 
direct connection between the surface activity of lung surfactant 
and pulmonary PV mechanics. The physiologic consequences of 
surfactant defi ciency or dysfunction are profound, as seen in the 
diffuse atelectasis, uneven infl ation, and severe ventilation/
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FIGURE 10.1. Molecular forces leading to surface tension at a liquid–gas interface. Attrac-
tive forces from nearest neighbors are illustrated for an idealized bulk liquid molecule (1) 
and an interfacial region molecule (2) contacting a gas. Because the gas is much more 
dilute, gas molecules exert a negligible attraction on interfacial molecules compared with 
the liquid. This leads to an unbalanced inward attractive force that causes the surface to 
minimize its area, generating surface tension. (From Notter [12], with permission from 
Taylor & Francis Group.)
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FIGURE 10.2. Schematic showing the effects of lung surfactant on pulmonary pressure–
volume (P–V) behavior based on the Laplace equation. The pressure drop (ΔP) necessary 
to maintain alveoli at equilibrium is proportional to surface tension (γ) and inversely pro-
portional to radius (r), i.e., ΔP = 2γ/r (Laplace’s law for a sphere). By lowering and varying 
surface tension as a function of alveolar size (radius), lung surfactant acts to stabilize pul-
monary P-V mechanics as shown schematically. Surfactant also greatly decreases the 
overall work of breathing by a generalized lowering of surface tension throughout the 
alveolar network. See text for discussion.
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perfusion mismatching present in the lungs of preterm infants with 
RDS. The physiologic roles of lung surfactant, and the surface prop-
erties that generate them as described earlier, are summarized in 
Table 10.1.

Biophysically Functional Composition of Lung Surfactant

The surface behavior of lung surfactant results from molecular 
interactions between its lipid and protein components. An overall 
mass composition of lung surfactant is given in Table 10.2. Func-
tional surfactant primarily contains phospholipids and three active 
surfactant proteins (SP), A, B, and C. A fourth apoprotein (SP-D) 
that does not participate in surfactant biophysics but is important 
in host defense (see later) also exists. Phosphatidylcholines (PCs) 
are the major phospholipid class in lung surfactant, including 
DPPC as the most prevalent single component. Dipalmitoyl phos-
phatidylcholine and other disaturated phospholipids form rigid, 
tightly packed surface fi lms capable of reducing surface tension to 
very low values under dynamic compression (<1 mN/m as noted 
earlier). Lung surfactant also contains fl uid unsaturated PCs, plus 
a range of other phospholipid classes with a mix of saturated and 
unsaturated compounds. Fluid phospholipids increase the respread-
ing of lung surfactant fi lms so that material ejected from the inter-
face during compression reenters the fi lm during expansion and 
remains available for subsequent respiratory cycles. Neutral lipids 
in lung surfactant also may help increase fi lm respreading. Surfac-

tant proteins have crucial biophysical actions in facilitating the 
adsorption of phospholipids into the air–water interface, and SP-B 
and SP-C also act within the surface fi lm itself to refi ne its composi-
tion, increase respreading, and optimize surface tension, lowering 
during dynamic cycling.

A summary of the molecular characteristics and activities of the 
four lung surfactant proteins is given in Table 10.3. The two small 
hydrophobic surfactant proteins (SP-B and SP-C) are found in 
approximately equal amounts in endogenous surfactant (totaling 
about 1.5% by weight relative to phospholipid) and are vital to 
surface activity. Surfactant protein B, which is the most active of 
the two in increasing adsorption and overall dynamic surface 
activity [12,14–18], is a particularly important component of 
functional surfactant. The presence or absence of hydrophobic 

TABLE 10.1. Physiologic actions and surface properties of functional lung surfactant.

Physiologic actions of functional surfactant
 Reduces the work of breathing (increases lung compliance)
 Increases alveolar stability against collapse during expiration
 Improves alveolar inflation uniformity
 Reduces the hydrostatic driving force for edema formation
Biophysical (surface) properties of functional surfactant
 Adsorbs rapidly to the air–water interface
 Reaches very low minimum surface tensions during dynamic compression
 Varies surface tension with area during dynamic cycling
 Respreads from surface collapse phases and other film-associated structures during 
  cycling

See text for discussion.
Source: Adapted from Notter [12].

TABLE 10.2. Average mass composition of lung surfactant lipids and proteins.

Phospholipids 85%–90%
 Phosphatidylcholine (PC) 80%
  Saturated PCs 55%–65%
  Unsaturated PCs 45%–35%
 Anionic phospholipids (PG, PI, PS) 15%
 Other phospholipids 5%
Neutral lipids 4%–7%
 Cholesterol, cholesterol esters, glycerides Protein* 6%–8%
 SP-A, SP-B, SP-C

Note: Tabulated values are averages in weight percent for alveolar surfactant obtained by 
bronchoalveolar lavage (BAL). Surfactant in BAL contains aggregates of varying sizes that 
can differ in specific composition (not shown). PC, phosphatidylcholine; PG, phosphatidyl-
glycerol; PI, phosphatidylinositol; PS, phosphatidylserine.
*Only biophysically active proteins are tabulated.
Source: Notter [12], with permission from Taylor & Francis Group.

TABLE 10.3. Molecular characteristics of lung surfactant proteins.

Surfactant 
protein (SP) Selected molecular characteristics and functional activities

SP-A Molecular weight 26–38 kD (monomer), 228 amino acids in humans
 Most abundant surfactant protein, relatively hydrophilic
 Acidic glycoprotein with multiple post-translational isoforms
 C-type lectin and member of the collectin family of host defense 
  proteins
 Forms an active octadecamer (six triplet monomers)
 Aggregates and orders phospholipids (Ca2+ dependent)
 Necessary for tubular myelin formation (along with SP-B, Ca2+)
 Enhances ability of lung surfactant to resist biophysical inhibition
 Helps regulate reuptake/recycling in addition to aiding host defense
SP-B Molecular weight 8.5–9 kD (monomer), 79 amino acids in humans 
  (active peptide)
 Hydrophobic, with 2–3 amphipathic helices plus β-sheet structural 
  regions
 Forms dimers and other oligomers of probable functional significance
 Has 10 positive Arg/Lys and 2 negative Glu/Asp residues at neutral pH
 Interacts biophysically with both head groups and chains of 
  phospholipids
 Necessary for tubular myelin formation (along with SP-A, Ca2+)
 Disrupts and fuses lipid bilayers and promotes lipid insertion/mixing in 
  surface films
 Enhances the adsorption, film spreading, and dynamic surface activity of 
  lipids
 Most active SP in increasing overall adsorption and dynamic surface 
  activity
SP-C Molecular weight 4.2 kD (monomer), 35 amino acids in humans (active 
  peptide)
 Most hydrophobic SP, with only 2 charged Arg/Lys residues
 Contains two palmitoylated cysteine residues in humans
 Can form dimers and other oligomers
 Primarily α-helical in structure, with a length that spans a lipid bilayer
 Interacts biophysically primarily with hydrophobic phospholipid chains
 Disrupts and fuses lipid bilayers
 Enhances the adsorption, film spreading, and dynamic surface activity of 
  lipids
SP-D Molecular weight 39–46 kD (monomer), 355 amino acids in humans
 Has significant structural similarity to SP-A
 Oligomerizes to a dodecamer (four triplet monomers)
 C-type lectin and member of the collectin family of host defense 
  proteins
 Not implicated in lung surfactant biophysics
 Important in host defense and may also participate in surfactant 
  metabolism

Source: Adapted from Notter [12] and Notter et al. [61].



112 D.F. Willson et al.

apoproteins in exogenous lung surfactants is a crucial factor in 
their effi cacy as pharmaceutical agents as described later. Genetic 
defi ciency of SP-B is associated with fatal respiratory distress in 
infancy [19–22], and mutations in SP-C have now been associated 
with diffuse interstitial pneumonitis and the early development of 
emphysema [23].

Surfactant Proteins and Innate Immune Function

Pulmonary surfactant is also important in innate (nonadaptive) 
pulmonary host defense. The epithelial lining of the lungs is criti-
cally positioned to participate in the neutralization and clearance 
of inhaled microorganisms or other particles. Two of the surfactant 
proteins (SP-A and SP-D) are members of a family of proteins called 
collectins that play a vital role in innate host defense [24–27]. Other 
collectins include complement, mannan binding lectin (MBL), and 
conglutinin. Surfactant proteins A and D are synthesized and 
secreted by alveolar type II cells and also by nonciliated bronchio-
lar cells (Clara cells) in the airways [24,25].

As a class, collectins are large multimeric proteins composed of 
an N-terminal cysteine-rich region, a collagen-like region, an α-
helical coiled neck region, and a carbohydrate recognition domain 
(CRD) [24–26]. The basic collectin structure is a trimer of the poly-
peptide chain, but different collectins have different degrees of 
higher order oligomerization [26]. Surfactant protein A forms octa-
decamers (6 trimers), whereas SP-D preferentially accumulates as 
dodecamers (4 trimers). The C-terminal domains of SP-A and SP-D 
are responsible for their lectin (carbohydrate binding) activity, and 
trimeric clusters of the peptide chains are required for high-affi nity 
binding to multivalent ligands. Both proteins bind to the mannose 
or glucose sugars present in most microbial ligands, although SP-A 
preferentially binds to the di-mannose repeating unit in Gram-
positive capsular polysaccharides and SP-D to the glucose-contain-
ing core oligosaccharides of Gram-negative lipopolysaccharide 
(LPS) [24]. Both can also interact with lipids, SP-A with phospho-
lipids and the lipid A domain of Gram-negative LPS and SP-D with 
the lipid and inositol moieties of phosphatidylinositol.

Surfactant proteins A and D can bind, agglutinate, and opsonize 
a variety of pathogens as well as induce chemotaxis, phagocytosis, 
and provoke killing by phagocytic cells. Table 10.4 lists organisms 
bound by SP-A and/or SP-D. Although no specifi c diseases associ-

ated with defi ciencies of these proteins in humans have been 
described, murine knockout models have elucidated their role in 
host defense. Surfactant protein-A–defi cient mice have normal sur-
factant homeostasis and respiratory function but enhanced suscep-
tibility to a number of different bacteria, viruses, and parasites 
[24,28,29]. The phenotype of SP-D–defi cient mice is somewhat con-
fusing in that these animals develop a lipoproteinosis-like disease 
that makes effects on innate immunity diffi cult to separate from 
changes in surfactant function [30]. Nonetheless, SP-D can be 
shown to similarly bind, agglutinate, and opsonize a variety of 
pathogens [24,31,32].

Surfactant Metabolism and Recycling

A good deal of information is now available about the complex 
metabolism of pulmonary surfactant [e.g., 12,33–41]. Lung surfac-
tant is synthesized, packaged, stored, secreted, and recycled in type 
II epithelial cells in the alveolar lining (shown schematically in 
Figure 10.3). The phospholipid components are synthesized in the 
endoplasmic reticulum and transported through the Golgi 
apparatus to the lamellar bodies, whereas surfactant proteins are 
translated in the usual fashion and then undergo extensive post-
translational processing. Surfactant proteins A, B, and C [42–46], 
but not SP-D [47,48], are found in lamellar bodies.

Lamellar bodies are subcellular organelles, and their contents 
are composed of tightly packed membrane-like structures that are 
effectively identical in composition to surfactant obtained from the 
alveolar space. Lamellar bodies make their way to the cell surface 
where their contents are extruded into the alveolar hypophase and 
unwind into a lattice-like construction called tubular myelin 
[49–51] (Figure 10.4). Tubular myelin is a regularly spaced lattice 
of phospholipid bilayers studded with regularly spaced particles 
thought to be SP-A. Surfactant protein B and calcium are also 

TABLE 10.4. Interactions of lung surfactant collectins with bacterial ligands.

 Bacterial ligand Collectin

Gram-negative bacteria
 Pseudomonas aeruginosa Lipopolysaccharide (LPS)? SP-A
  SP-D
 Klebsiella pneumoniae LPS core (cap-phenotype) SP-D
 Capsule (di-mannose) SP-A
 Escherichia coli LPS core SP-D
 Not defined SP-A
 Haemophilus influenzae, type A P2 outer membrane protein SP-A

Gram-positive bacteria
 Group B streptococci Not defined SP-A
 Staphylococcus aureus
  Cowan I strain Not defined SP-A
  Clinical isolate Not defined SP-A
 Streptococcus pneumoniae Not defined SP-A

Source: Crouch and Wright [24]. Copyright 2001 the Channal Reviews.
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FIGURE 10.3. Schematic overview of the pulmonary surfactant system. The specific lipids 
and proteins that make up lung surfactant are synthesized, processed, packaged, stored, 
secreted, and recycled by alveolar type II cells. Surfactant is secreted from lamellar body 
organelles into the alveolar hypophase, where it forms heterogeneous aggregates (phos-
pholipids plus incorporated apoproteins) that include tubular myelin plus other lamellar/
vesicular structures. Surfactant absorbs from these aggregates to form a film at the air–
hypophase interface, which acts to lower and vary surface tension during breathing. Over 
time, “spent” surface-active material in the hypophase is eventually taken up back into the 
type II pneumocyte for recycling. (From Notter [12], with permission from Taylor & Francis 
Group.)
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required for tubular myelin formation [51,52] and are present in its 
lattice structure. In addition to tubular myelin, a variety of other 
size-distributed surfactant aggregate forms (lamellar, vesicular, 
and nonspecifi c) exist in the alveolar hypophase [12]. Lung surfac-
tant adsorbs from tubular myelin and other active aggregates to 
form a complex mixed lipid–protein fi lm at the alveolar 
hypophase–air interface as described earlier.

Lung surfactant has a fi nite life span in the alveoli and then is 
cleared from the alveolar space. As much as 90% of the surfactant 
cleared from the alveolar space is taken up and recycled by type II 
pneumocytes, with the highest uptake percentages found in 
newborn compared with adult or premature animals [12,33,53,54]. 
Alveolar macrophages are responsible for only about 10%–15% of 
surfactant clearance, and a smaller percentage (<5%) is cleared via 
the airways. Studies using labeled surfactant introduced into the 
airways have demonstrated direct uptake by type II pneumocytes, 
repackaging in lamellar bodies, and eventual resecretion [55]. The 
half-life for turnover of human surfactant is variable and has been 
reported to range from 1 to 24 hr in animals [12,33,53]. Surfactant 
protein A has been shown to enhance the uptake of surfactant 
phospholipids into type II pneumocytes [56–58], and SP-B/C may 
also infl uence phospholipid uptake in type II cells [59,60]. The 
uptake of exogenously administered surfactants as substrate is 
thought to be an important factor in the indirect (nonsurface-
active) benefi ts of surfactant therapy, particularly for relatively 
inactive preparations with a high DPPC content such as Exosurf® 
and ALEC® (pharmaceutical surfactants are described in more 
detail later).

Acute Pulmonary Injury

The pathophysiology of acute pulmonary injury (ALI/ARDS) is 
multifactorial and includes infl ammation, surfactant dysfunction, 
vascular dysfunction, edema, oxidant injury, ventilation/perfusion 

mismatching, and injury to alveolar, capillary, and other pulmo-
nary cells. A common aspect of acute pulmonary injury is damage 
to the cells of the alveolar–capillary membrane (type I and type II 
alveolar epithelial cells and capillary endothelial cells) with a loss 
of barrier integrity leading to interstitial and alveolar edema. 
Another common feature is infl ammation. The innate pulmonary 
infl ammatory response is complex, involving the recruitment and 
activation of circulating leukocytes as well as participation by resi-
dent lung cells. A large number of infl ammatory mediators and 
transduction and regulatory pathways are involved in acute pul-
monary infl ammation and injury (for comprehensive reviews on 
lung injury and infl ammation, see Notter et al. [61]).

In infants, although not generally labeled ALI/ARDS, common 
causes of respiratory failure include meconium aspiration, sepsis, 
and pulmonary infection. Although acute respiratory failure in 
preterm neonates is typically initiated by surfactant defi ciency 
(i.e., RDS), secondary lung injury and surfactant dysfunction can 
arise in association with hyperoxia, mechanical ventilation, infec-
tion, edema from patent ductus arteriosus, and other factors. 
In addition to acute respiratory failure, ALI/ARDS can also 
progress to a fi broproliferative phase that leads to chronic lung 
injury with tissue remodeling and the initiation of fi brosis. However, 
surfactant dysfunction is most prominent in the acute phase of 
ALI/ARDS.

Surfactant Dysfunction in Acute Pulmonary Injury

In their original descriptions of ARDS, Ashbaugh, Petty, and col-
leagues [62,63] commented on its similarity to infantile RDS, and 
Petty et al. [64] subsequently reported abnormalities in surfactant 
function. However, respiratory failure in RDS is initiated by a 
quantitative defi ciency in surfactant that leads to progressive atel-
ectasis and overdistension with decreased lung compliance. 
Although an element of surfactant defi ciency can be present in 

FIGURE 10.4. Lung surfactant secreted from a lamellar body and resulting tubular myelin. 
Lamellar body contents are extruded from a type II pneumocyte (left) and subsequently 
“unwind” into tubular myelin in the alveolar hypophase (right). Formation of tubular 

myelin requires phospholipids, SP-A, SP-B, and calcium. Alveolar surfactant also exists in 
a variety of large and small aggregate forms in addition to tubular myelin. (From Williams 
[49], with permission from Rockefeller University Press.)



114 D.F. Willson et al.

ALI/ARDS, surfactant dysfunction (inhibition and/or inactivation) 
as a consequence of infl ammatory injury and edema is generally 
much more prominent. Extensive basic research over the past two 
decades has identifi ed many of the mechanisms contributing to 
surfactant dysfunction in lung injury (detailed reviews of lung sur-
factant inhibition and mechanisms of dysfunction are available 
[12,17,65]). Irrespective of whether the initiating event is direct 
injury from the alveolar side or indirect pulmonary injury from the 
vascular side, surfactant dysfunction may arise by multiple path-
ways that include the following (Table 10.5):

1. Physicochemical interactions with inhibitory or reactive sub-
stances: A prevalent cause of surfactant dysfunction in lung injury 
is through biophysical or chemical interactions with substances 
that gain access to the alveolar space following damage to the alve-
olar–capillary membrane. Albumin, hemoglobin, fi brin, fi brino-
gen, and other blood or serum proteins have been shown in vitro 
to diminish the surface tension lowering of lung surfactant by com-
peting with the adsorption of its active components into the air–
water interface, thus compromising fi lm formation [66,67]. Other 
biophysical inhibitors include cell membrane lipids, lysophospho-
lipids, or fatty acids that mix into the interfacial fi lm itself to impair 
surface tension lowering during dynamic compression [67–72]. 
Additional biophysical inhibitors are listed in Table 10.6, which 
also notes chemically acting inhibitors such as phospholipases or 
proteases that can degrade essential surfactant lipids or proteins to 
impair surface activity [71–73]. Lung surfactant can also be chemi-
cally altered by interactions with reactive oxygen and nitrogen 
species [65]. Fortunately, although surfactant can be inhibited by 
these physicochemical processes, it has been well-documented, at 
least in vitro, that dysfunction can be overcome by increasing the 
concentration of active surfactant even if inhibitors are still present 
[12,65].

2. Altered surfactant aggregates and metabolism: Another 
pathway by which surfactant activity can be reduced during lung 
injury is by depletion or alteration of active large aggregates. As 
noted earlier, surfactant exists in the alveolar hypophase in a size-
distributed microstructure of aggregates, the largest of which typi-
cally have the greatest surface activity and the highest apoprotein 

content [74–81]. The percentage of large aggregates and their 
content of SP-A and SP-B are reduced in bronchoalveolar lavage 
from patients with ARDS [82–84]. Surfactant phospholipid compo-
sition can also be altered in patients with ALI/ARDS [84,85]. Animal 
models of ALI/ARDS show that large surfactant aggregates can be 
depleted or reduced in activity by interactions with inhibitors or 
by changes in surfactant metabolism [77,86–89]. Although large 
aggregates can be detrimentally affected in ALI/ARDS, informa-
tion on total surfactant pools is inconsistent, with both decreased 
[90–92] and unchanged [85,93] amounts reported.

In assessing surfactant dysfunction in ALI/ARDS, it is important 
to realize that the pathology is not static. The contribution of 
surfactant dysfunction to ALI/ARDS is almost certainly dependent 
on the stage of disease, which commences with an exudative 
phase involving alveolar–capillary membrane damage and 
acute infl ammation but may evolve to fi broproliferation and 
fi brosis. The superimposition of iatrogenic factors such as 
ventilator-induced lung injury and hyperoxic injury during inten-
sive care further confounds pathology, as does the multiorgan 
disease that is frequently present in patients with ALI/ARDS. The 
multifaceted pathology of lung injury is an important issue when 
evaluating the potential effi cacy of exogenous surfactant therapy 
in ALI/ARDS.

Surfactant Therapy in Acute Pulmonary Injury

The existence of surfactant dysfunction in ALI/ARDS provides a 
conceptional rationale for the therapeutic use of exogenous surfac-
tant, but the use of surfactant drugs having the greatest surface 
activity and ability to resist inhibition is clearly required. More-
over, to be effective in ALI/ARDS, exogenous surfactant must be 
delivered and distributed to injured alveoli in the necessary 
amounts despite the presence of edema and infl ammation. Similar 
to initial attempts to treat RDS in premature infants, the fi rst large 
controlled trial of surfactant replacement in ARDS using the aero-
solized protein-free synthetic surfactant Exosurf® was an unequiv-
ocal failure [94]. This failure at least partly refl ects similar reasons, 
that is, the use of a surfactant with inadequate activity and an inef-
fective delivery method. However, surfactant therapy in ALI/ARDS 
faces more complex challenges than in the case of neonatal RDS, 
and this therapy remains investigational particularly for adults, as 
detailed next.

TABLE 10.5. Pathways and processes that can contribute to surfactant abnormalities in 
acute inflammatory lung injury.

Lung surfactant dysfunction/inactivation
 Biophysical inactivation by inhibitory substances in edema or present as a result of 
  inflammation
 Chemical degradation by lytic enzymes or by reactive oxygen/nitrogen species
 Depletion or detrimental alteration of active large aggregate surfactant subtypes
Alveolar epithelial cell damage or alteration
 Type I cell injury and death leading to increased permeability of the alveolar epithelial 
  barrier
 Type II cell injury and/or hyperplasia leading to altered surfactant synthesis, secretion,
  recycling
Inflammation and microvascular dysfunction
 Capillary endothelial injury leading to increased microvascular permeability and 
  interstitial or alveolar edema that contains surfactant inhibitors
 Multiple mediators and products produced by leukocytes and lung cells that affect 
  the severity of injury and can directly or indirectly affect alveolar surfactant or type
   II cells

See text for discussion. Surfactant dysfunction and its mechanisms in ALI/ARDS are 
reviewed in detail by Notter [12] and Wang et al. [81].

TABLE 10.6. Endogenous compounds that inhibit lung surfactant activity by physical or 
chemical interactions.

Biophysical inhibitors
 Plasma and blood proteins (e.g., albumin, hemoglobin, fibrinogen, fibrin monomer)
 Cell membrane lipids
 Lysophospholipids
 Fluid free fatty acids
 Glycolipids and sphingolipids
 Meconium
Chemically acting inhibitors
 Lytic enzymes (proteases, phospholipases)
 Reactive oxygen and nitrogen species (ROS, RNS)

Tabulated inhibitors are examples only. See text for discussion.
Source: Adapted from Notter [12], Notter and Wang [17], and Gross [81].
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Pharmaceutical Surfactants

Although the composition of endogenous surfactant is similar 
throughout mammalian species, this is not true of exogenous sur-
factant drugs. The degree of resemblance of pharmaceutical sur-
factants to native surfactant is highly variable and has direct 
consequences for surface and physiologic activity. Pharmaceutical 
surfactants can be divided into three functionally relevant 
groups: (1) organic solvent extracts of lavaged lung surfactant from 
animals, (2) organic solvent extracts of processed animal lung 
tissue with or without additional synthetic additives, and (3) syn-
thetic preparations not containing surfactant material from animal 
lungs (Table 10.7).

Organic solvent extracts of lavaged alveolar surfactant (category 
I) contain all of the hydrophobic lipid and protein components of 
endogenous surfactant, although specifi c compositional details can 
vary depending on preparative methodology. Extracts of minced 
or homogenized lung tissue (category II) necessarily contain some 
nonsurfactant components and require more extensive processing 
that can further alter composition compared with native surfac-
tant. The synthetic surfactants in category III that have been most 
widely studied are Exosurf® and ALEC® (artifi cial lung expanding 
compound). Exosurf is a mixture of DPPC : hexadecanol : tyloxapol 
(1 : 0.11 : 0.075 by weight), and ALEC is a mixture of 7 : 3 DPPC : egg 
phosphatidylglycerol (PG). These two preparations are no longer in 
active clinical use because they have been shown to have inferior 
activity compared with animal-derived surfactants [e.g., 12,95–
100]. Two additional synthetic surfactants, KL4 (Surfaxin®) and 
recombinant SP-C surfactant (Venticute®), are currently undergo-
ing clinical evaluation.

The compositions and activities of the exogenous surfactants 
listed in Table 10.7, and their effi cacy in preventing or treating RDS 
in clinical trials in premature infants, are reviewed in detail by 
Notter [12]. Four exogenous surfactant preparations are currently 
licensed for clinical use in RDS in the United States: Infasurf®, 
Survanta®, Curosurf®, and Exosurf® (the latter is no longer used, 

as noted earlier). Infasurf® is a direct chloroform : methanol extract 
of large aggregate surfactant obtained by bronchoalveolar lavage 
from calf lungs [12,56,101]. Survanta® is made from an extract of 
minced bovine lung tissue to which DPPC, tripalmitin, and pal-
mitic acid are added [12,18]. Curosurf® is prepared from minced 
porcine lung tissue by a combination of washing, chloroform-
methanol extraction, and liquid-gel chromatography [102]. Sur-
faxin®, which is under active consideration for FDA approval, 
contains a 21 amino acid peptide (KL4) that has repeating units of 
one leucine (K) and four lysine (L) residues. This peptide is com-
bined at 3% by weight with a 3 : 1 mixture of DPPC and palmitoyl-
oleoyl phosphatidylglycerol (POPG) plus 15% palmitic acid [12]. 
Venticute® contains synthetic lipids and palmitic acid plus a 34 
amino acid modifi ed human recombinant SP-C that has substitu-
tions of phenylalanine for cysteine at two positions and isoleucine 
for methionine at another [12].

Relative Activity and Inhibition Resistance of Exogenous 
Surfactant Drugs

The relative activities and effi cacies of surfactant drugs are crucial 
for evaluating and optimizing therapy. Differences in effi cacy 
among pharmaceutical surfactants have been demonstrated in 
comparison trials in premature infants and in retrospective meta-
analyses (reviewed by Notter [12]). These differences in surfactant 
activity can be directly linked to differences in composition. The 
fact that natural surfactants from animal lungs (categories I and 
II, Table 10.7) have greater effi cacy than the protein-free synthetic 
surfactants Exosurf® and ALEC® refl ects the diffi culty of substitut-
ing for the highly active hydrophobic lung surfactant proteins SP-
B/C in synthetic surfactants. The surface and physiologic activities 
of Exosurf® are signifi cantly increased by the addition of purifi ed 
bovine SP-B/SP-C, demonstrating that its synthetic components do 
not adequately replace these active apoproteins [95]. Animal-
derived clinical surfactants also differ markedly in their surface 
activity and ability to resist inhibitor-induced dysfunction based 
on their compositions.

Biophysical research demonstrates that the surface activity, inhi-
bition resistance, and physiologic effects of extracts of lavaged 
animal surfactant (category I surfactant drugs, Table 10.7) are 
greater than those of other clinical surfactants (Figures 10.5 to 10.7) 
[e.g., 18,95,96]. It has also been shown that differences in apoprotein 
content can help explain some of these differences in activity 
[14,16,18,95,103,104]. For example, the activity and inhibition resis-
tance of Infasurf® are substantially greater than those of Survanta® 
in basic biophysical and animal research [18,95,96,103] (see Figures 
10.5 to 10.7), and these differences correlate directly with the content 
of SP-B in the two preparations [18,103,105]. Survanta® contains 
only 0.044% SP-B by weight relative to phospholipid because of 
losses during processing of lung tissue [18]. In contrast, Infasurf® 
has a specifi c SP-B content of 0.9% by weight (and a total hydropho-
bic protein content of 1.7% by weight) equivalent to lavaged calf 
lung surfactant [18]. As described earlier, SP-B is the most active 
of the hydrophobic surfactant proteins in enhancing the adsorp-
tion and overall dynamic surface activities of phospholipids 
[14–16,18,106,107]. The addition of SP-B or synthetic SP-B peptides 
to Survanta® signifi cantly improves its activity toward that 
of natural surfactant [18,103,104] (e.g., Figure 10.7), indicating 
that the lack of SP-B in this exogenous surfactant is functionally 
important. Even without SP-B, however, Survanta® still has 

TABLE 10.7. Clinical exogenous surfactant drugs used to treat lung diseases involving 
surfactant deficiency/dysfunction.

 I. Organic solvent extracts of lavaged animal lung surfactant
  Infasurf® (CLSE)
  bLES®
  Alveofact®

 II.  Supplemented or unsupplemented organic solvent extracts of processed 
animal lung tissue

  Survanta®
  Surfactant-TA®
  Curosurf®

 III. Synthetic exogenous lung surfactants
  Exosurf®
  ALEC®
  Surfaxin® (KL4)
  Venticute® (recombinant SP-C surfactant)

Note: Infasurf® (ONY, Inc., and Forest Laboratories), Survanta® (Abbott/Ross Laborato-
ries), and Curosurf® (Chesi Farmaceutici and Dey Laboratories) are currently FDA approved 
in the United States, and Surfaxin® (KL4) is under clinical evaluation. Exosurf® (Glaxo-
Wellcome) is also FDA approved but is no longer used. Details on the compositions, activi-
ties, and efficacies of these exogenous surfactants in neonatal RDS are reviewed by Notter 
[12], and their use in ALI/ARDS is discussed in the text.
Source: Adapted from Notter [12] and Enhorning et al. [72].
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signifi cantly better activity than protein-free surfactants like 
Exosurf® because of its content of SP-C and other ingredients [12].

Animal Studies of Surfactant Therapy

Animal models of ALI/ARDS in which exogenous surfactant 
therapy has been shown to improve respiratory function or mech-
anics include acid aspiration [108–110], meconium aspiration [111–
114], anti-lung serum [115], bacterial or endotoxin injury [116–121], 
vagotomy [122], hyperoxia [123–27], in vivo lavage [104,128–132], 
N-nitroso-N-methylurethane (NNNMU) injury [133–135], and 
viral pneumonia [136,137]. In addition to demonstrating that sur-
factant therapy has potential benefi t in ALI/ARDS, animal studies 
are also important in comparing surfactant activity under repro-
ducible conditions, as well as in examining other variables of inter-
est for clinical therapy. These variables include the method of 
surfactant delivery (instillation versus aerosolization), the timing 
of administration, the effects of different modes of ventilation, the 
effects of dose, and so on. For example, animal studies indicate that 
direct airway instillation is more effective than current aerosol 
techniques in delivering exogenous surfactant to the alveoli and 
that early therapy is preferable to later therapy in terms of distrib-
uting surfactant to injured lungs (reviewed by Notter [12]). However, 
despite their utility for assessing the acute effects of exogenous 
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surfactants and comparing preparations and delivery methods, 
animal models offer limited insight into longer term morbidity or 
mortality. For this, one must ultimately turn to human studies.

Human Studies of Surfactant Replacement Therapy

Multiple clinical studies have reported benefi ts following the instil-
lation of exogenous surfactants to term infants, children, or adults 
with ALI/ARDS or related acute respiratory failure [138–154] (Table 
10.8). However, many of these are small case series or pilot studies 
and found improvements in only acute lung function (oxygen-
ation). Controlled trials of surfactant therapy in patients with ALI/
ARDS have met with mixed success, particularly in studies with 
adults [94,155]. The clinical experiences with exogenous surfactant 
therapy in term infants, children and adults are summarized 
next.

The best-studied application of surfactant therapy in term infants 
with acute pulmonary injury is in meconium aspiration syndrome 
[148–152]. Meconium obstructs and injures the lungs when aspi-
rated and is known to cause surfactant dysfunction [156,157]. Auten 
et al. [148], Khammash et al. [151], and Findlay et al. [152] have all 
reported signifi cant improvement from surfactant administration 
in infants with meconium aspiration. The randomized study of 
Findlay et al. [152] found reductions in the incidence of pneumo-
thorax, duration of mechanical ventilation and oxygen therapy, 
time of hospitalization, and requirements for extracorporeal mem-
brane oxygenation (ECMO) in 20 term infants treated with 
Survanta® compared with controls. Lotze et al. [149,150] also 
reported favorable results using Survanta® in a controlled trial in 
term infants referred for ECMO because of severe respiratory 
failure (meconium aspiration was a prevalent diagnosis in both 
studies). Twenty-eight infants treated with four doses of Survanta® 
(150 mg/kg) had improved pulmonary mechanics, decreased dura-
tion of ECMO treatment, and a lower incidence of complications 
after ECMO than control infants [149]. A subsequent multicenter 
controlled trial with 328 term infants also reported signifi cant 
improvements in respiratory status and the need for ECMO follow-
ing surfactant treatment [150]. Exogenous surfactant is now used 
in many institutions to treat respiratory failure in term infants with 
meconium aspiration or pneumonia, although fewer controlled 

studies are available for the latter condition. Surfactant therapy has 
also been studied in infants with congenital diaphragmatic hernia, 
but its use remains somewhat controversial in this context 
[158,159].

Studies of surfactant in children and adults with ALI/ARDS have 
followed the general pattern of initial positive case reports or series 
followed by more equivocal results in randomized prospective 
studies. The fi rst large prospective, controlled study of surfactant 
therapy for adults with ARDS was defi nitively negative. Anzueto et 
al [94] administered nebulized Exosurf® versus placebo to 725 
adults with ARDS secondary to sepsis and found no improvement 
in any measure of oxygenation and no effect on morbidity or mor-
tality. As described earlier, Exosurf® is no longer used clinically in 
the United States because of its lower activity compared with 
animal-derived surfactants, and aerosolization is currently not as 
effective as airway instillation in delivering surfactant. Gregory et 
al. [155] reported small benefi ts in oxygenation in a controlled trial 
in adults with ARDS who received four 100 mg/kg doses of Sur-
vanta® but with no overall advantage in survival in the 43 surfac-
tant-treated patients studied. A recent study by Spragg et al. [160] 
using recombinant SP-C surfactant (Venticute®) in adults with 
ARDS showed immediate improvements in oxygenation but no 
longer term improvement in duration of mechanical ventilation, 
lengths of stay, or mortality. Post hoc analysis did suggest, however, 
that the response in the subgroup of patients with ARDS caused by 
direct lung injury was quite positive, and a follow-up prospective 
study with this group of patients is currently underway.

Controlled studies of surfactant therapy in children with ALI/
ARDS have been more encouraging. A randomized but unblinded 
trial by Willson et al. [143] in 42 children at eight centers with 
ALI/ARDS showed that those receiving Infasurf® (70 mg/kg) had 
immediate improvement in oxygenation and fewer ventilator days 
and days in intensive care. This trial followed an initial open-label 
trial by the same group demonstrating improved oxygenation in 29 
children (0.1–16 years) treated with instilled Infasurf® [142]. 
Luchetti et al. [153,154] have reported two small controlled studies 
showing that treatment with porcine surfactant (Curosurf®, 50 mg/
kg) led to improved gas exchange as well as reduced time on 
mechanical ventilation and in intensive care for infants with bron-
chiolitis. A study by Moller et al. [161] found that children with 

TABLE 10.8. Clinical studies reporting benefits of exogenous surfactant therapy in acute respiratory failure (ALI/ARDS).

Study Patients (N) Disease or syndrome Surfactant Outcomes

Gunther et al. [138] Adult (27) ARDS Alveofact Improved surfactant function
Walmrath et al. [139] Adult (10) ARDS from sepsis Alveofact Improved oxygenation
Spragg et al. [140] Adult (6) ARDS from multiple causes Curosurf Improved oxygenation a and biophysical function
Wiswell et al. [141] Adults (12) ARDS from multiple causes Surfaxin Improved oxygenation
Willson et al. [142,143] Children (29, 42) ARDS from multiple causes Infasurf Improved oxygenation
Willson et al. [144] Children (152) ARDS from multiple causes Infasurf Improved survival, and improved ventilation
Lopez-Herce et al. [145] Children (20) ARDS + postop cardiac Curosurf Improved oxygenation
Hermon et al. [146] Children (19) ARDS + postop cardiac Curosurf or Alveofact Improved oxygenation
Herting et al. [147] Children (8) Pneumonia Curosurf Improved oxygenation
Auten et al. [148] Infants (14) Meconium aspiration or pneumonia Infasurf (CLSE) Improved oxygenation
Lotze et al. [149,150] Infants (28, 328) ECMO, multiple indications Survanta Improved oxygenation, decreased ECMO
Khammash et al. [151] Infants (20) Meconium aspiration bLES Improved oxygenation in 75% of patients
Findlay et al. [152] Infants (40) Meconium aspiration Survanta Improved oxygenation, decreased pneumothorax and mechanical 
     ventilation
Luchetti et al. [153,154] Infants (20, 40) RSV bronchiolitis Curosurf Improved oxygenation

Note: Tabulated clinical studies include both controlled and noncontrolled trials as discussed in the text. ARDS, acute respiratory distress syndrome; ECMO, extracorporeal membrane 
oxygenation; RSV, respiratory syncytial virus.
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ARDS showed immediate improvement in oxygenation and had 
less need for rescue therapy following treatment with Survanta®, 
but it was underpowered for more defi nitive outcomes. Most 
recently, a blinded controlled study by Willson et al. [144] yielded 
very positive results in pediatric patients with ALI/ARDS, showing 
both immediate benefi ts with regard to oxygenation as well as a 
signifi cant survival advantage for patients receiving calfactant 
(Infasurf®) relative to placebo (Table 10.9). None of the above 
studies showed any signifi cant adverse long-term effects from sur-
factant administration, although transient hypoxia and some 
hemodynamic instability surrounding instillation appear common. 
Transmission of infectious agents and allergic reactions have not 
been reported with any of the surfactants currently licensed in the 
United States.

The Future of Surfactant Therapy and Related 
Combination Therapies

As described in preceding sections, surfactant replacement therapy 
is standard in the prevention and treatment of RDS in premature 
infants, and there is basic science and clinical evidence supporting 
its use in some forms of lung injury–associated respiratory failure. 
Clinical evidence of the effi cacy of surfactant therapy for term 
infants with meconium aspiration is suffi ciently strong that this 
approach is now frequently used in neonatal intensive care units 
(and is also being applied to other forms of neonatal respiratory 
failure, such as pneumonia). Controlled trials of surfactant therapy 
for children with ALI/ARDS also suggest signifi cant benefi ts, with 
survival advantages shown in a recent trial [144]. It can be argued 
that evidence of surfactant dysfunction in ALI/ARDS, along with 
favorable results for surfactant treatment in animal models and 
evidence for effi cacy in humans without signifi cant adverse effects, 

makes a strong rationale for considering surfactant therapy for any 
pediatric patient with pulmonary injury and ALI/ARDS. From this 
perspective, the major downside of the therapy is its considerable 
expense. However, it would be ideal if additional questions about 
the therapy were addressed in research before its indiscriminate 
adoption.

As emphasized in this chapter, some exogenous surfactants are 
more active and have better inhibition resistance than others, and 
this, along with effective delivery, will impact the success of sur-
factant therapy for ALI/ARDS. It is also likely that surfactant 
therapy is more applicable for some types of pulmonary injury than 
others. It is important to note that post hoc analyses in the studies 
of both Spragg et al. [160] and Willson et al. [144] suggested greater 
effi cacy in direct lung injury (e.g., pneumonia, aspiration) as 
opposed to indirect lung injury (e.g., sepsis, systemic infl ammatory 
response syndrome). It would obviously be helpful to focus surfac-
tant therapy on the types of lung injury where it has maximal 
benefi t. Also, neonatal data suggest that early surfactant adminis-
tration generates improved responses compared with delayed 
administration [e.g., 162], possibly as a result of better intrapulmo-
nary drug distribution coupled with minimized ventilator-induced 
lung injury. Intuitively, similar advantages might accompany early 
surfactant administration in patients with ALI/ARDS.

Finally, a major issue with regard to surfactant therapy in ALI/
ARDS involves its potential use in combination with agents or 
interventions that target additional aspects of the complex patho-
physiology of acute pulmonary injury. This kind of combination 
therapy approach may be particularly important for adults with 
ALI/ARDS, whose responses to exogenous surfactant have so far 
been disappointing. The use of multiple therapeutic agents or inter-
ventions based on specifi c rationales for potential synergy has the 
potential to signifi cantly enhance patient outcomes in complex 
disease processes such as those involving infl ammatory lung injury. 
The potential use of exogenous surfactant therapy in the context of 
specifi c combined-modality interventions is described in detail 
elsewhere [163,164]. Examples of agents that might be synergistic 
with exogenous surfactant in ALI/ARDS include antiinfl ammatory 
antibodies or receptor antagonists, antioxidants, and vasoactive 
drugs such as inhaled nitric oxide (iNO). In addition, specifi c ven-
tilator modalities or ventilation strategies that reduce iatrogenic 
lung injury may be equally important to consider in conjunction 
with surfactant therapy. Given the known importance of surfactant 
dysfunction in infl ammatory lung injury, it is likely that ongoing 
research will continue to identify specifi c populations of patients 
with ALI/ARDS or related acute respiratory failure who can benefi t 
from exogenous surfactant therapy, with or without complemen-
tary agents or interventions.

References

 1. von Neergaard K. Neue auffassungen uber einen grundbegriff der 
atemmechanik. Dieretraktionskraft der lunge, abhangig von der ober-
fl achenspannung in den alveolen. Z Ges Exp Med 1929;66:373–394.

 2. Gruenwald P. Surface tension as a factor in the resistance of neonatal 
lungs to aeration. Am J Obstet Gynecol 1947;53:996–1007.

 3. Mead J, Whittenberger JL, Radford EP. Surface tension as a factor in 
pulmonary volume–pressure hysteresis. J Appl Physiol 1957;10:191–
196.

 4. Pattle RE. Properties, function, and origin of the alveolar lining layer. 
Nature 1955;175:1125–1126.

 5. Clements JA. Surface tension of lung extracts. Proc Soc Exp Biol Med 
1957;95:170–172.

TABLE 10.9. Clinical outcomes from a recent controlled study using exogenous surfactant 
(Infasurf; calfactant) in pediatric patients with ALI/ARDS.

 Calfactant Placebo
 (N = 77) (N = 75) p Value

Mortality
 Died (in hospital) 15 (19%) 27 (36%) 0.03
 Died w/o extubation 12 (16%) 24 (32%) 0.02

Failed CMV* 13 (21%) 26 (42%) 0.02
 ECMO  3  3 —
 Use of iNO  9 10 0.80
 HFOV after entry  7 15 0.07

Secondary Outcomes
 PICU LOS 15.2 ± 13.3 13.6 ± 11.6 0.85
 Hospital LOS 26.8 ± 26 25.3 ± 32.2 0.91
 Days O2 therapy 17.3 ± 16 18.5 ± 31 0.93
 Hospital charges† $205 ± 220 $213 ± 226 0.83
 Hospital charges/day† $7.5 ± 7.6 $7.9 ± 7.5 0.74

*Some patients who failed CMV had more than one nonconventional therapy (ECMO, iNO, 
or HFOV);
Costs are given in thousands of dollars.
Note: In addition to improving mortality and reducing the percentage of patients who 
failed CMV as reported in the table, instilled calfactant also significantly improved oxygen-
ation index compared with placebo (p = 0.01, data not shown). CMV, conventional mechan-
ical ventilation; ECMO, extracorporeal membrane oxygenation; HFOV, high-frequency 
oscillatory ventilation; iNO, inhaled nitric oxide.
Source: Willson et al. [144].



10. Pulmonary Surfactant 119

 6. Brown ES. Lung area from surface tension effects. Proc Soc Exp Biol 
Med 1957;95:168–170.

 7. Pattle RE. Properties, function and origin of the alveolar lining layer. 
Proc R Soc (Lond) Ser B 1958;148:217–240.

 8. Avery ME, Mead J. Surface properties in relation to atelectasis and 
hyaline membrane disease. Am J Dis Child 1959;97:517–523.

 9. Robillard E, Alarie Y, Dagenais-Perusse P, Baril E, Guilbeault A. 
Microaerosol administration of synthetic b,g-dipalmitoyl-L-a-
lecithin in the respiratory distress syndrome: a preliminary report. 
Can Med Assoc J 1964;90:55–57.

 10. Chu J, Clements JA, Cotton EK, Klaus MH, Sweet AY, Thomas MA, 
Tooley WH. The pulmonary hypoperfusion syndrome. Pediatrics 
1965;35:733–742.

 11. Chu J, Clements JA, Cotton EK, Klaus MH, Sweet AY, Tooley WH. 
Neonatal pulmonary ischemia. Clinical and physiologic studies. Pedi-
atrics 1967;40:709–782.

 12. Notter RH. Lung Surfactants: Basic Science and Clinical Applications. 
New York: Marcel Dekker; 2000.

 13. Fujiwara T, Maeta H, Chida S, Morita T, Watabe Y, Abe T. Artifi cial sur-
factant therapy in hyaline membrane disease. Lancet 1980;1:55–59.

 14. Wang Z, Baatz JE, Holm BA, Notter RH. Content-dependent activity 
of lung surfactant protein B (SP-B) in mixtures with lipids. Am J 
Physiol 2002;283:L897–L906.

 15. Wang Z, Gurel O, Baatz JE, Notter RH. Differential activity and lack 
of synergy of lung surfactant proteins SP-B and SP-C in surface-active 
interactions with phospholipids. J Lipid Res 1996;37:1749–1760.

 16. Seeger W, Günther A, Thede C. Differential sensitivity to fi brinogen 
inhibition of SP-C- vs. SP-B-based surfactants. Am J Physiol 1992;261:
L286–L291.

 17. Notter RH, Wang Z. Pulmonary surfactant: physical chemistry, physi-
ology and replacement. Rev Chem Eng 1997;13:1–118.

 18. Notter RH, Wang Z, Egan EA, Holm BA. Component-specifi c surface 
and physiological activity in bovine-derived lung surfactants. Chem 
Phys Lipids 2002;114:21–34.

 19. Whitsett JA, Nogee LM, Weaver TE, Horowitz AD. Human surfactant 
protein B structure, function, regulation, and genetic disease. Physiol 
Rev 1995;75:749–757.

 20. deMello DE, Nogee LM, Heyman S, Krous HF, Hussain M, Merritt TA, 
Hsueh W, Haas JE, Heidelberger K, Schumacher R, Colten HR. Molec-
ular and phenotypic variability in the congenital alveolar proteinosis 
syndrome associated with inherited surfactant protein B defi ciency. J 
Pediatr 1994;125:43–50.

 21. Nogee LM, Garnier G, Dietz HC, Singer L, Murphy AM, deMello DE, 
Colten HR. A mutation in the surfactant protein B gene responsible 
for fatal neonatal respiratory disease in multiple kindreds. J Clin 
Invest 1994;93:1860–1863.

 22. Nogee LM, Wert SE, Proffi t SA, Whitsett JA. Allelic heterogeneity in 
hereditary surfactant protein B (SP-B) defi ciency. Am J Respir Crit 
Care Med 2000;161:973–981.

 23. Nogee LM, Dunbar AE, Wert SE, Askin F, Hamvas A, Whitsett JA. A 
mutation in the surfactant protein C gene associated with familial 
interstitial lung disease. N Engl J Med 2001;344:573–579.

 24. Crouch E, Wright JR. Surfactant proteins A and D and pulmonary host 
defense. Annu Rev Physiol 2001;63:521–554.

 25. Lawson PR, Reid KBM. The roles of surfactant proteins A and D in 
innate immunity. Immunol Rev 2000;173:66–78.

 26. Mason RJ, Greene K, Voelker DR. Surfactant protein A and surfactant 
protein D in health and disease. Am J Physiol 1998;275:L1–L13.

 27. Wright JR. Immunomodulatory functions of surfactant. Physiol Rev 
1997;77:931–962.

 28. LeVine AM, Bruno MD, Huelsman KM, Ross GF, Whitsett JA. Surfac-
tant protein A defi cient mice are susceptible to group B streptococcal 
infection. J Immunol 1997;158:4336–4340.

 29. LeVine AM, Kurak KE, Bruno MD, Stark JM, Whitsett JA, Korfhagen 
TA. Surfactant protein A–defi cient mice are susceptible to Pseudomo-
nas aeruginosa infection. Am J Respir Cell Mol Biol 1998;19:
700–708.

 30. Korfhagen TR, Sheftelyevich V, Burhans MS, Bruno MD, Ross GF, et 
al. Surfactant protein D regulates surfactant phospholipid homeosta-
sis in vivo. J Biol Chem 1998;273:28438–28443.

 31. Lim BL, Wang JY, Holmskov U, Hoppe HJ, Reid KB. Expression of the 
carbohydrate recognition domain of lung surfactant protein D and 
demonstration of its binding to lipopolysaccharides of Gram-negative 
bacteria. Biochem Biophys Res Commun 1994;202:1674–1680.

 32. Ferguson JS, Voelker DR, McCormack FX, Schlesinger LS. Surfactant 
protein D binds to Mycobacterium tuberculosis bacilli and liparabi-
nomannan via carbohydrate-lectin interactions resulting in reduced 
phagocytosis of the bacteria by the macrophages. J Immunol 1999;
163:312–321.

 33. Wright JR. Clearance and recycling of pulmonary surfactant. Am J 
Physiol 1990;259:L1–L12.

 34. Batenburg JJ. Surfactant phospholipids: synthesis and storage. Am J 
Physiol 1992;262:L367–L385.

 35. Hawgood S. Surfactant: composition, structure, and metabolism. 
In: Crystal RG, West JB, Weibel ER, Barnes PJ, eds. The Lung: Scientifi c 
Foundations, 2nd ed. Philadelphia: Lippincott-Raven; 1997:557–
571.

 36. Hawgood S, Poulain FR. The pulmonary collectins and surfactant 
metabolism. Annu Rev Physiol 2001;63:495–519.

 37. van Golde LMG, Casals CC. Metabolism of lipids. In: Crystal RG, West 
JB, Weibel ER, Barnes PJ, eds. The Lung: Scientifi c Foundations, 2nd 
ed. Philadelphia: Lippincott-Raven; 1997:9–18.

 38. Haagsman HP, van Golde LMG. Synthesis and assembly of lung sur-
factant. Annu Rev Physiol 1991;53:441–464.

 39. Johansson J, Curstedt T, Robertson B. The proteins of the surfactant 
system. Eur Respir J 1994;7:372–391.

 40. Rooney SA, Young SL, Mendelson CR. Molecular and cellular process-
ing of lung surfactant. FASEB J 1994;8:957–967.

 41. Mendelson CR, Alcorn JL, Gao E. The pulmonary surfactant protein 
genes and their regulation in fetal lung. Semin Perinatol 1993;17:223–
232.

 42. Oosterlaken-Dijksterhuis MA, van Eijk M, van Buel BLM, van Golde 
LMG, Haagsman HP. Surfactant protein composition of lamellar 
bodies isolated from rat lung. Biochem J 1991;274:115–119.

 43. O’Reilly MA, Nogee L, Whitsett JA. Requirement of the collagenous 
domain for carbohydrate processing and secretion of a surfactant 
protein, SP-A. Biochim Biophys Acta 1988;969:176–184.

 44. Pinto RA, Wright JR, Lesikar D, Benson BJ, Clements JA. Uptake of 
pulmonary surfactant protein C into adult rat lung lamellar bodies. J 
Appl Physiol 1993;74:1005–1011.

 45. Walker SR, Williams MC, Benson B. Immunocytochemical localiza-
tion of the major surfactant proteins in type II cells, Clara cells, and 
alveolar macrophages of rat lungs. J Histochem Cytochem 1986;34:1137–
1148.

 46. Weaver TE, Whitsett JA. Processing of hydrophobic pulmonary 
surfactant protein B in rat type II cells. Am J Physiol 1989;257:
L100–L108.

 47. Vorhout WF, Veenendaal T, Kuroki Y, Ogasawara Y, van Golde LMG, 
Geuze HJ. Immunocytochemical localization of surfactant protein D 
(SP-D) in type II cell, Clara cells, and alveolar macrophages of rat lung. 
J Histochem Cytochem 1992;40:1589–1597.

 48. Crouch E, Rust K, Marienchek W, Parghi D, Chang D, Persson A. 
Developmental expression of pulmonary surfactant protein D (SP-D). 
Am J Respir Cell Mol Biol 1991;5:13–18.

 49. Williams MC. Conversion of lamellar body membranes into tubular 
myelin in alveoli of fetal rat lungs. J Cell Biol 1977;72:260–277.

 50. Williams MC. Ultrastructure of tubular myelin and lamellar bodies 
in fast-frozen rat lung. Exp Lung Res 1982;4:37–46.

 51. Williams MC, Hawgood S, Hamilton RL. Changes in lipid structure 
produced by surfactant proteins SP-A, SP-B, and SP-C. Am J Respir 
Cell Mol Biol 1991;5:41–50.

 52. Suzuki Y, Fujita Y, Kogishi K. Reconstitution of tubular myelin from 
synthetic lipids and proteins associated with pig lung surfactant. Am 
Rev Respir Dis 1989;140:75–81.



120 D.F. Willson et al.

 53. Wright JR, Clements JA. Metabolism and turnover of lung surfactant. 
Am Rev Respir Dis 1987;135:426–444.

 54. Jobe AH, Ikegami M. Surfactant metabolism. Clin Perinatol 1993;20:683–
696.

 55. Williams MC. Uptake of lectins by alveolar type II cells: subsequent 
deposition into lamellar bodies. Proc Natl Acad Sci USA 1984;81:
6383–6387.

 56. Wright JR, Wager RE, Hamilton RL, Huang M, Clements JA. Uptake 
of lung surfactant subfractions into lamellar bodies of adult rabbit 
lungs. J Appl Physiol 1986;60:817–825.

 57. Wright JR, Wager RE, Hawgood S, Dobbs LG, Clements JA. Surfactant 
apoprotein Mr = 26,000–36,000 enhances uptake of liposomes by type 
II cells. J Biol Chem 1987;262:2888–2894.

 58. Young SL, Wright JR, Clements JA. Cellular uptake and processing of 
surfactant lipids and apoprotein SP-A by rat lung. J Appl Physiol. 
1989;66:1336–1342.

 59. Claypool WD, Wang DL, Chandler A, Fisher AB. An ethanol/ether 
soluble apoprotein from rat lung surfactant augments liposomes uptake 
by isolated granular pneumocytes. J Clin Invest 1984;74:677–684.

 60. Rice WR, Sarin VK, Fox JL, Baatz J, Wert S, Whitsett JA. Surfactant 
peptides stimulate uptake of phosphatidylcholine by isolated cells. 
Biochim Biophys Acta 1989;1006:237–245.

 61. Notter RH, Finkelstein JN, Holm BA. Lung Injury: Mechanisms, 
Pathophysiology, and Therapy. Boca Raton, FL: Taylor & Francis; 
2005:847.

 62. Ashbaugh DG, Bigelow DB, Petty TL, Levine BE. Acute respiratory 
distress in adults. Lancet 1967;2:319–323.

 63. Petty TL, Ashbaugh DG. The adult respiratory distress syndrome. 
Clinical features, factors infl uencing prognosis and principles of man-
agement. Chest 1971;60:233–239.

 64. Petty T, Reiss O, Paul G, Silvers G, Elkins N. Characteristics of pulmo-
nary surfactant in adult respiratory distress syndrome associated 
with trauma and shock. Am Rev Respir Dis 1977;115:531–536.

 65. Wang Z, Holm BA, Matalon S, Notter RH. Surfactant activity and 
dysfunction in lung injury. In: Notter RH, Finkelstein JN, Holm BA, 
eds. Lung injury: Mechanisms, Pathophysiology, and Therapy. New 
York: Marcel Dekker; 2005:297–352.

 66. Holm BA, Enhorning G, Notter RH. A biophysical mechanism by 
which plasma proteins inhibit lung surfactant activity. Chem Phys 
Lipids 1988;49:49–55.

 67. Holm BA, Wang Z, Notter RH. Multiple mechanisms of lung surfac-
tant inhibition. Pediatr Res 1999;46:85–93.

 68. Holm BA, Notter RH. Effects of hemoglobin and cell membrane lipids 
on pulmonary surfactant activity. J Appl Physiol 1987;63:1434–1442.

 69. Wang Z, Notter RH. Additivity of protein and non-protein inhibitors 
of lung surfactant activity. Am J Respir Crit Care Med 1998;158:
28–35.

 70. Hall SB, Lu ZR, Venkitaraman AR, Hyde RW, Notter RH. Inhibition 
of pulmonary surfactant by oleic acid: mechanisms and characteris-
tics. J Appl Physiol 1992;72:1708–1716.

 71. Pison U, Tam EK, Caughey GH, Hawgood S. Proteolytic inactivation 
of dog lung surfactant-associated proteins by neutrophil elastase. 
Biochim Biophys Acta 1989;992:251–257.

 72. Enhorning G, Shumel B, Keicher L, Sokolowski J, Holm BA. Phospho-
lipases introduced into the hypophase affect the surfactant fi lm out-
lining a bubble. J Appl Physiol 1992;73:941–945.

 73. Wang Z, Schwan AL, Lairson LL, O’Donnell JS, Byrne GF, Foye A, 
Holm BA, Notter RH. Surface activity of a synthetic lung surfactant 
containing a phospholipase-resistant phosphonolipid analog of dipal-
mitoyl phosphatidylcholine. Am J Physiol 2003;285:L550–L559.

 74. Magoon MW, Wright JR, Baritussio A, Williams MC, Goerke J, Benson 
BJ, Hamilton RL, Clements JA. Subfractionation of lung surfactant: 
implications for metabolism and surface activity. Biochim Biophys 
Acta 1983;750:18–31.

 75. Wright JR, Benson BJ, Williams MC, Goerke J, Clements JA. Protein 
composition of rabbit alveolar surfactant subfractions. Biochim 
Biophys Acta 1984;791:320–332.

 76. Gross NJ, Narine KR. Surfactant subtypes in mice: characterization 
and quantitation. J Appl Physiol 1989;66:342–349.

 77. Hall SB, Hyde RW, Notter RH. Changes in subphase surfactant aggre-
gates in rabbits injured by free fatty acid. Am J Respir Crit Care Med 
1994;149:1099–1106.

 78. Putz G, Goerke J, Clements JA. Surface activity of rabbit pulmonary 
surfactant subfractions at different concentrations in a captive bubble. 
J Appl Physiol 1994;77:597–605.

 79. Putman E, Creuwels LAJM, Van Golde LMG, Haagsman HP. Surface 
properties, morphology and protein composition of pulmonary sur-
factant subtypes. Biochem J 1996;320:599–605.

 80. Veldhuizen RAW, Hearn SA, Lewis JF, Possmayer F. Surface-area 
cycling of different surfactant preparations: SP-A and SP-B are essen-
tial for large aggregate integrity. Biochem J 1994;300:519–524.

 81. Gross NJ. Extracellular metabolism of pulmonary surfactant: the role 
of a new serine protease. Ann Rev Physiol 1995;57:135–150.

 82. Günther A, Siebert C, Schmidt R, Ziegle S, Grimminger F, Yabut M, 
Temmesfeld B, Walmrath D, Morr H, Seeger W. Surfactant alterations 
in severe pneumonia, acute respiratory distress syndrome, and 
cardiogenic lung edema. Am J Respir Crit Care Med 1996;153:176–
184.

 83. Veldhuizen R, McCaig L, Akino T, Lewis J. Pulmonary surfactant 
subfractions in patients with the acute respiratory distress syndrome. 
Am J Respir Crit Care Med 1995;152:1867–1871.

 84. Griese M. Pulmonary surfactant in health and human lung diseases: 
state of the art. Eur Respir J 1999;13:1455–1476.

 85. Pison U, Seeger W, Buchhorn R, Joka T, Brand M, Obertacke U, Neuhof 
H, Schmit-Neuerberg K. Surfactant abnormalities in patients with 
respiratory failure after multiple trauma. Am Rev Respir Dis 
1989;140:1033–1039.

 86. Lewis JF, Ikegami M, Jobe AH. Altered surfactant function and metab-
olism in rabbits with acute lung injury. J Appl Physiol 1990;69:2303–
2310.

 87. Putman E, Boere AJ, van Bree L, van Golde LMG, Haagsman HP. Pul-
monary surfactant subtype metabolism is altered after short-term 
ozone exposure. Toxicol Appl Pharmacol 1995;134:132–138.

 88. Atochina EN, Beers MF, Scanlon ST, Preston AM, Beck JM. P. carinii 
induces selective alterations in component expression and biophysical 
activity of lung surfactant. Am J Physiol 2000;278:L599–L609.

 89. Davidson BA, Knight PR, Wang Z, Chess PR, Holm BA, Russo TA, 
Hutson A, Notter RH. Surfactant alterations in acute infl ammatory 
lung injury from aspiration of acid and gastric particulates. Am J 
Physiol Lung Cell Mol Physiol 2005;288:L699–708.

 90. Seeger W, Pison U, Buchhorn R, Obestacke U, Joka T. Surfactant 
abnormalities and adult respiratory failure. Lung 1990;168(Suppl):
891–902.

 91. Gregory TJ, Longmore WJ, Moxley MA, Whitsett JA, Reed CR, Fowler 
AA, Hudson LD, Maunder RJ, Crim C, Hyers TM. Surfactant chemical 
composition and biophysical activity in acute respiratory distress 
syndrome. J Clin Invest 1991;88:1976–1981.

 92. Pison U, Obertacke U, Brand M, et al. Altered pulmonary surfactant 
in uncomplicated and septicemia-complicated courses of acute respi-
ratory failure. J Trauma 1990;30:19–26.

 93. Hallman M, Spragg R, Harrell JH, Moser KM, Gluck L. Evidence of 
lung surfactant abnormality in respiratory failure. J Clin Invest 
1982;70:673–683.

 94. Anzueto A, Baughman RP, Guntupalli KK, Weg JG, Wiedemann HP, 
Raventos AA, Lemaire F, Long W, Zaccardelli DS, Pattishall EN, 
Exosurf ARDS Sepsis Study Group. Aerosolized surfactant in adults 
with sepsis-induced acute respiratory distress syndrome. N Engl J 
Med 1996;334:1417–1421.

 95. Hall SB, Venkitaraman AR, Whitsett JA, Holm BA, Notter RH. Impor-
tance of hydrophobic apoproteins as constituents of clinical exoge-
nous surfactants. Am Rev Respir Dis 1992;145:24–30.

 96. Seeger W, Grube C, Günther A, Schmidt R. Surfactant inhibition by 
plasma proteins: differential sensitivity of various surfactant prepara-
tions. Eur Respir J 1993;6:971–977.



10. Pulmonary Surfactant 121

 97. Hudak ML, Farrell EE, Rosenberg AA, Jung AL, Auten RL, Durand DJ, 
Horgan MJ, Buckwald S, Belcastro MR, Donohue PK, Carrion V, 
Maniscalco WM, Balsan MJ, Torres BA, Miller RR, Jansen RD, Graeber 
JE, Laskay KM, Matteson EJ, Egan EA, Brody AS, Martin DJ, Riddles-
berger MM, Montogomery P, 21 Center Group. A multicenter random-
ized masked comparison of natural vs synthetic surfactant for the 
treatment of respiratory distress syndrome. J Pediatr 1996;128:
396–406.

 98. Hudak ML, Martin DJ, Egan EA, Matteson EJ, Cummings J, Jung AL, 
Kimberlin LV, Auten RL, Rosenberg AA, Asselin JM, Belcastro MR, 
Donahue PK, Hamm CR, Jansen RD, Brody AS, Riddlesberger MM, 
Montgomery P, 10 Center Group. A multicenter randomized masked 
comparison trial of synthetic surfactant versus calf lung surfactant 
extract in the prevention of neonatal respiratory distress syndrome. 
Pediatrics 1997;100:39–50.

 99. Vermont-Oxford Neonatal Network. A multicenter randomized trial 
comparing synthetic surfactant with modifi ed bovine surfactant 
extract in the treatment of neonatal respiratory distress syndrome. 
Pediatrics 1996;97:1–6.

100. Horbar JD, Wright LL, Soll RF, Wright EC, Fanaroff AA, Korones SB, 
Shankaran S, Oh W, Fletcher BD, Bauer CR, NIH NICHHD Neonatal 
Research Network. A multicenter randomized trial comparing two 
surfactants for the treatment of neonatal respiratory distress syn-
drome. J Pediatr 1993;123:757–766.

101. Willson DF. Calfactant. Expert Opin Pharmacother 2001;2:1479–
1493.

102. Wiseman LR, Bryson HM. Porcine-Derived Lung Surfactant. A review 
of the therapeutic effi cacy and clinical tolerability of a natural surfac-
tant preparation (Curosurf) in neonatal respiratory distress syn-
drome. Drugs 1994;48:387–400.

103. Mizuno K, Ikegami M, Chen C-M, Ueda T, Jobe AH. Surfactant 
protein-B supplementation improves in vivo function of a modifi ed 
natural surfactant. Pediatr Res 1995;37:271–276.

104. Walther FJ, Hernandez-Juviel J, Bruni R, Waring A. Spiking Survanta 
with synthetic surfactant peptides improves oxygenation in surfac-
tant-defi cient rats. Am J Respir Crit Care Med 1997;156:855–861.

105. Hamvas A, Cole FS, deMello DE, Moxley M, Whitsett JA, Colten HR, 
Nogee LM. Surfactant protein B defi ciency: antenatal diagnosis and 
prospective treatment with surfactant replacement. J Pediatr 
1994;125:356–361.

106. Yu SH, Possmayer F. Comparative studies on the biophysical activities 
of the low-molecular-weight hydrophobic proteins purifi ed from 
bovine pulmonary surfactant. Biochim Biophys Acta 1988;961:337–
350.

107. Oosterlaken-Dijksterhuis MA, van Eijk M, van Golde LMG, Haagsman 
HP. Lipid mixing is mediated by the hydrophobic surfactant protein 
SP-B but not by SP-C. Biochim Biophys Acta 1992;1110:45–50.

108. Kobayashi T, Ganzuka M, Taniguchi J, Nitta K, Murakami S. Lung 
lavage and surfactant replacement for hydrochloric acid aspiration in 
rabbits. Acta Anaesthesiol Scand 1990;34:216–221.

109. Zucker A, Holm BA, Wood LDH, Crawford G, Ridge K, Sznajder IA. 
Exogenous surfactant with PEEP reduces pulmonary edema and 
improves lung function in canine aspiration pneumonitis. J Appl 
Physiol 1992;73:679–686.

110. Schlag G, Strohmaier W. Experimental aspiration trauma: com-
parison of steroid treatment versus exogenous natural surfactant. 
Exp Lung Res 1993;19:397–405.

111. Al-Mateen KB, Dailey K, Grimes MM, Gutcher GR. Improved oxygen-
ation with exogenous surfactant administration in experimental 
meconium aspiration syndrome. Pediatr Pulmonol 1994;17:75–80.

112. Sun B, Curstedt T, Robertson B. Exogenous surfactant improves ven-
tilation effi ciency and alveolar expansion in rats with meconium 
aspiration. Am J Respir Crit Care Med 1996;154:764–770.

113. Cochrane CG, Revak SD, Merritt TA, Schraufstatter U, Hoch RC, 
Henderson C, Andersson S, Takamori H, Oades ZG. Bronchoalveolar 
lavage with KL4-surfactant in models of meconium aspiration syn-
drome. Pediatr Res 1998;44:705–715.

114. Sun B, Curstedt T, Song GW, Robertson B. Surfactant improves lung 
function and morphology in newborn rabbits with meconium aspira-
tion. Biol Neonate 1993;63:96–104.

115. Lachmann B, Hallman M, Bergman K-C. Respiratory failure following 
anti-lung serum: study on mechanisms associated with surfactant 
system damage. Exp Lung Res 1987;12:163–180.

116. Nieman G, Gatto L, Paskanik A, Yang B, Fluck R, Picone A. Surfactant 
replacement in the treatment of sepsis-induced adult respiratory dis-
tress syndrome in pigs. Crit Care Med 1996;24:1025–1033.

117. Lutz C, Carney D, Finck C, Picone A, Gatto L, Paskanik A, Langenbeck 
E, Nieman G. Aerosolized surfactant improves pulmonary function in 
endotoxin-induced lung injury. Am J Respir Crit Care Med 1998;158:
840–845.

118. Lutz CJ, Picone A, Gatto LA, Paskanik A, Landas S, Nieman G. Exog-
enous surfactant and positive end-expiratory pressure in the treat-
ment of endotoxin-induced lung injury. Crit Care Med 1998;26:1379–
1389.

119. Tashiro K, Li W-Z, Yamada K, Matsumoto Y, Kobayashi T. Surfactant 
replacement reverses respiratory failure induced by intratracheal 
endotoxin in rats. Crit Care Med 1995;23:149–156.

120. Eijking EP, van Daal GJ, Tenbrinck R, Luyenduijk A, Sluiters JF, 
Hannappel E, Lachmann B. Effect of surfactant replacement on Pneu-
mocystis carinii pneumonia in rats. Intensive Care Med 1990;17:475–
478.

121. Sherman MP, Campbell LA, Merritt TA, Long WA, Gunkel JH, 
Curstedt T, Robertson B. Effect of different surfactants on pulmonary 
group B streptococcal infection in premature rabbits. J Pediatr 1994;125:939–
947.

122. Berry D, Ikegami M, Jobe A. Respiratory distress and surfactant inhi-
bition following vagotomy in rabbits. J Appl Physiol. 1986;61:1741–
1748.

123. Matalon S, Holm BA, Notter RH. Mitigation of pulmonary hyperoxic 
injury by administration of exogenous surfactant. J Appl 
Physiol1987;62:756–761.

124. Loewen GM, Holm BA, Milanowski L, Wild LM, Notter RH, Matalon 
S. Alveolar hyperoxic injury in rabbits receiving exogenous surfac-
tant. J Appl Physiol 1989;66:1987–1992.

125. Engstrom PC, Holm BA, Matalon S. Surfactant replacement attenuates 
the increase in alveolar permeability in hyperoxia. J Appl Physiol 
1989;67:688–693.

126. Matalon S, Holm BA, Loewen GM, Baker RR, Notter RH. Sublethal 
hyperoxic injury to the alveolar epithelium and the pulmonary sur-
factant system. Exp Lung Res 1988;14:1021–1033.

127. Novotny WE, Hudak BB, Matalon S, Holm BA. Hyperoxic lung injury 
reduces exogenous surfactant clearance in vitro. Am J Respir Crit Care 
Med 1995;151:1843–1847.

128. Lachmann B, Fujiwara T, Chida S, Morita T, Konishi M, Nakamura K, 
Maeta H. Surfactant replacement therapy in experimental adult 
respiratory distress syndrome (ARDS). In: Cosmi EV, Scarpelli EM, 
eds. Pulmonary Surfactant System. Amsterdam: Elsevier; 1983:221–
235.

129. Kobayashi T, Kataoka H, Ueda T, Murakami S, Takada Y, Kobuko M. 
Effect of surfactant supplementation and end expiratory pressure in 
lung-lavaged rabbits. J Appl Physiol 1984;57:995–1001.

130. Berggren P, Lachmann B, Curstedt T, Grossmann G, Robertson B. Gas 
exchange and lung morphology after surfactant replacement in exper-
imental adult respiratory distress induced by repeated lung lavage. 
Acta Anaesthesiol Scand 1986;30:321–328.

131. Lewis JF, Goffi n J, Yue P, McCaig LA, Bjarneson D, Veldhuizen RAW. 
Evaluation of exogenous surfactant treatment strategies in an adult 
model of acute lung injury. J Appl Physiol 1996;80:1156–1164.

132. Walther F, Hernandez-Juviel J, Bruni R, Waring AJ. Protein composi-
tion of synthetic surfactant affects gas exchange in surfactant-
defi cient rats. Pediatr Res 1998;43:666–673.

133. Harris JD, Jackson F, Moxley MA, Longmore WJ. Effect of exogenous 
surfactant instillation on experimental acute lung injury. J Appl 
Physiol 1989;66:1846–1851.



122 D.F. Willson et al.

134. Lewis JF, Ikegami M, Jobe AH. Metabolism of exogenously adminis-
tered surfactant in the acutely injured lungs of adult rabbits. Am Rev 
Respir Dis 1992;145:19–23.

135. Lewis J, Ikegami M, Higuchi R, Jobe A, Absolom D. Nebulized vs. 
instilled exogenous surfactant in an adult lung injury model. J Appl 
Physiol 1991;71:1270–1276.

136. van Daal GJ, So KL, Gommers D, Eijking EP, Fievez RB, Sprenger MJ, 
van Dam DW, Lachmann B. Intratracheal surfactant administration 
restores gas exchange in experimental adult respiratory distress syn-
drome associated with viral pneumonia. Anesth Analg 1991;72:589–
595.

137. van Daal GJ, Bos JAH, Eijking EP, Gommers D, Hannappel E, 
Lachmann B. Surfactant replacement therapy improves pulmonary 
mechanics in end-stage infl uenza A pneumonia in mice. Am Rev 
Respir Dis 1992;145:859–863.

138. Gunther A, Schmidt R, Harodt J, Schmehl T, et al. Bronchoscopic 
administration of bovine natural surfactant in ARDS and septic 
shock: impact on biophysical and biochemical surfactant properties. 
Eur Respir J 2002;10:797–804.

139. Walmrath D, Gunther A, Ghofrani HA, Schermuly R, Schnedier T, 
Grimminger F, Seeger W. Bronchoscopic surfactant administration in 
patients with severe adult respiratory distress syndrome and sepsis. 
Am J Respir Crit Care Med 1996;154:57–62.

140. Spragg RG, Gilliard N, Richman P, et al. Acute effects of a single dose 
of porcine surfactant on patients with acute respiratory distress syn-
drome. Chest. 1995;105:195–202.

141. Wiswell TE, Smith RM, Katz LB, Mastroianni L, Wong DY, Willms D, 
Heard S, Wilson M, Hite RD, Anzueto A, Revak SD, Cochrane CG. 
Bronchopulmonary segmental lavage with Surfaxin (KL(4)—surfac-
tant) for acute respiratory distress syndrome. Am J Respir Crit Care 
Med 1999;160:1188–1195.

142. Willson DF, Jiao JH, Bauman LA, Zaritsky A, Craft H, Dockery K, 
Conrad D, Dalton H. Calf lung surfactant extract in acute hypoxemic 
respiratory failure in children. Crit Care Med 1996;24:1316–1322.

143. Willson DF, Bauman LA, Zaritsky A, Dockery K, James RL, Stat M, 
Conrad D, Craft H, Novotny WE, Egan EA, Dalton H. Instillation of 
calf lung surfactant extract (calfactant) is benefi cial in pediatric acute 
hypoxemic respiratory failure. Crit Care Med 1999;27:188–195.

144. Willson DF, Thomas NJ, Markovitz BP, Bauman LA, DiCarlo JV, Pon 
S, Jacobs BR, Jefferson LS, Conaway MR, Egan EA, Pediatric Acute 
Lung Injury and Sepsis Investigators. Effect of exogenous surfactant 
(calfactant) in pediatric acute lung injury: a randomized controlled 
trial. JAMA 2005;293:470–476.

145. Lopez-Herce J, de Lucas N, Carrillo A, Bustinza A, Moral R. Surfactant 
treatment for acute respiratory distress syndrome. Arch Dis Child 
1999;80:248–252.

146. Hermon MM, Golej J, Burda H, et al. Surfactant therapy in infants and 
children: three years experience in a pediatric intensive care unit. 
Shock 2002;17:247–251.

147. Herting E, Moller O, Schiffman JH, Robertson B. Surfactant improves 
oxygenation in infants and children with pneumonia and acute respi-
ratory distress syndrome. Acta Paediatr 2002;91:1174–1178.

148. Auten RL, Notter RH, Kendig JW, Davis JM, Shapiro DL. Surfactant 
treatment of full-term newborns with respiratory failure. Pediatrics 
1991;87:101–107.

149. Lotze A, Knight GR, Martin GR, Bulas DI, Hull WM, O’Donnell RM, 
Whitsett JA, Short BL. Improved pulmonary outcome after exogenous 

surfactant therapy for respiratory failure in term infants requiring 
extracorporeal membrane oxygenation. J Pediatr 1993;122:261–268.

150. Lotze A, Mitchell BR, Bulas DI, Zola EM, Shalwitz RA, Gunkel JH. 
Multicenter study of surfactant (beractant) use in the treatment of 
term infants with severe respiratory failure. J Pediatr 1998;132:
40–47.

151. Khammash H, Perlman M, Wojtulewicz J, Dunn M. Surfactant therapy 
in full-term neonates with severe respiratory failure. Pediatrics 
1993;92:135–139.

152. Findlay RD, Taeusch HW, Walther FJ. Surfactant replacement therapy 
for meconium aspiration syndrome. Pediatrics 1996;97:48–52.

153. Luchetti M, Casiraghi G, Valsecchi R, Galassini E, Marraro G. Porcine-
derived surfactant treatment of severe bronchiolitis. Acta Anaesthe-
siol Scand 1998;42:805–810.

154. Luchetti M, Ferrero F, Gallini C, Natale A, Pigna A, Tortorolo L, 
Marraro G. Multicenter, randomized, controlled study of porcine sur-
factant in severe respiratory syncytial virus–induced respiratory 
failure. Pediatr Crit Care Med 2002;3:261–268.

155. Gregory TJ, Steinberg KP, Spragg R, Gadek JE, Hyers TM, Longmere 
WJ, Moxley MA, Guang-Zuan CAI, Hite RD, Smith RM, Hudson LD, 
Crim C, Newton P, Mitchell BR, Gold AJ. Bovine surfactant therapy 
for patients with acute respiratory distress syndrome. Am J Respir 
Crit Care Med 1997;155:109–131.

156. Clark DA, Nieman GF, Thompson JE, Paskanik AM, Rokhar JE, 
Bredenberg CE. Surfactant displacement by meconium free fatty 
acids: an alternative explanation for atelectasis in meconium aspira-
tion syndrome. J Pediatr 1987;110:765–770.

157. Moses D, Holm BA, Spitale P, Liu M, Enhorning G. Inhibition of pul-
monary surfactant function by meconium. Am J Obstet Gynecol 
1991;164:477–481.

158. Ivascu FA, Hirschl RB. New approaches to managing congenital dia-
phragmatic hernia. Semin Perinatol 2004;28:185–198.

159. Van Meurs K, The Congenital Diaphragmatic Hernia Study Group. Is 
surfactant therapy benefi cial in the treatment of the term newborn 
infants with congenital diaphragmatic hernia? J Pediatr 2004;145:
312–316.

160. Spragg RG, Lewis JF, Wurst W, Hafner D, Baughman RP, Wewers MD, 
Marsh JJ. Treatment of acute respiratory distress syndrome with 
recombinant surfactant protein C surfactant. Am J Respir Crit Care 
Med 2003;167:1562–1566.

161. Moller JC, Schaible T, Roll C, et al. with the Surfactant ARDS Study 
Group. Treatment with bovine surfactant in severe acute respiratory 
distress syndrome in children: a randomized multicenter study. 
Intensive Care Med 2003;29:437–446.

162. Kendig JW, Notter RH, Cox C, Reubens LJ, Davis JM, Maniscalco WM, 
Sinkin RA, Bartoletti A, Dweck HS, Horgan MJ, Risemberg H, Phelps 
DL, Shapiro DL. A comparison of surfactant as immediate prophy-
laxis and as rescue therapy in newborns of less than 30 weeks gesta-
tion. N Engl J Med 1991;324:865–871.

163. Notter RH, Apostolakos M, Holm BA, Willson D, Wang Z, Finkelstein 
JN, Hyde RW. Surfactant therapy and its potential use with other 
agents in term infants, children and adults with acute lung injury. 
Perspect Neonatol 2000;1(4):4–20.

164. Pryhuber G, D’angio C, Finkelstein JN, Notter RH. Combination ther-
apies for lung injury. In: Notter RH, Finkelstein JN, Holm BA, eds. 
Lung Injury: Mechanisms, Pathophysiology, and Therapy. Boca Raton, 
FL: Taylor & Francis; 2005:779–838.


	Chapter 10: Pulmonary Surfactant: Biology and Therapy
	Pulmonary Surfactant and Its Functions
	Overview of Lung Surfactant and Exogenous Surfactant Therapy
	Acute Pulmonary Injury
	Surfactant Dysfunction in Acute Pulmonary Injury
	Surfactant Therapy in Acute Pulmonary Injury



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


