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Surfactant replacement therapy: from biological basis to
current clinical practice
Roland Hentschel 1, Kajsa Bohlin2, Anton van Kaam3, Hans Fuchs1 and Olivier Danhaive4,5

This review summarizes the current knowledge on the physiological action of endogenous and exogenous pulmonary surfactant,
the role of different types of animal-derived and synthetic surfactants for RDS therapy, different modes of administration, potential
risks and strategies of ventilation, and highlights the most promising aims for future development. Scientists have clarified the
physicochemical properties and functions of the different components of surfactant, and part of this successful research is derived
from the characterization of genetic diseases affecting surfactant composition or function. Knowledge from functional tests of
surfactant action, its immunochemistry, kinetics and homeostasis are important also for improving therapy with animal-derived
surfactant preparations and for the development of modified surfactants. In the past decade newly designed artificial surfactants
and additives have gained much attention and have proven different advantages, but their particular role still has to be defined.
For clinical practice, alternative administration techniques as well as postsurfactant ventilation modes, taking into account
alterations in lung mechanics after surfactant placement, may be important in optimizing the potential of this most important
drug in neonatology.
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INTRODUCTION
Pulmonary surfactant, discovered in the 1950s, has been studied
from the 1980s on to treat and prevent respiratory distress
syndrome (RDS) in preterm infants. At that time manufacturing of
surfactant preparations from porcine and bovine origin started,
paralleled by a stunning increase in controlled trials within a few
years. Administration of exogenous surfactant to preterm infants
with RDS started its triumphal procession rapidly across many
countries, hindered only by relatively high costs of therapy.
Numerous subsequent trials in the past decades confirmed not
only the effectiveness of surfactant to improve mortality, need for
ventilation and short-term outcome, but also to have a huge
impact on residual morbidity of low-birth-weight infants. Nowa-
days, surfactant therapy has become the standard therapy of
newborn RDS and is deemed one of the most effective and safe
medicines in the health system by the WHO.

COMPONENTS AND PHYSIOLOGICAL EFFECTS
Endogenous surfactant
Mammalian pulmonary surfactant has similarities in its chemical
composition across various species, and hence can be used as a
substitute in the human lung. Pulmonary surfactant is a mixture of
90% lipids and 10% proteins, which in its typical monolayer
formation is essential for the function of gas exchange at the fluid
−air interface of the internal lung surface.
With its hydrophobic and hydrophilic properties, it decreases

surface tension, thus keeping the alveoli open during the

expansion and contraction phases of the respiratory cycle.
Surfactant is composed of ∼80–85% phospholipids, 5–10% neutral
lipids and 8–10% protein, with 5–6% consisting of the four specific
surfactant proteins. Eighty-five percent of the phospholipid
fraction itself consists of phosphatidylcholines, the most important
component (40%) with the highest compaction properties being
di-palmitoylphosphatidylcholine (DPPC); 11% consists of phos-
phatidylglyerol and phoshatidylinositol, which fluidize the lipid
monolayer. The remaining fraction consists of various phospho-
lipids with particular functions. Cholesterol is the major neutral
lipid (85%). The various lipid fractions are transported from the
smooth endoplasmic reticulum into multivesicular bodies, they
are assembled and stored with the other lipid and protein
fractions in lamellar bodies, and then secreted into the alveolar
space, forming tubular myelin and finally the dynamic surfactant
monolayer at the fluid−air interface. Protein components of
surfactant are apolipoproteins and a repertoire of specific proteins,
called surfactant protein (SP)-A, -B, -C and -D, which are produced
by type II cells and contribute different essential surfactant
functions.
The hydrophilic proteins (SPA, SPD), belonging to the collectin

family, are multimeric macromolecular complexes and play a
major role in the innate defense mechanisms by interacting with
macrophages to enable phagocytosis of viruses and bacteria. In
addition, SP-A enhances the activity of SP-B and SP-C and
preserves the integrity of extensively packed lipid–protein
complexes, thus optimizing surfactant performance under parti-
cularly demanding physiological conditions, and prevents

Received: 24 June 2019 Revised: 15 December 2019 Accepted: 20 December 2019
Published online: 11 January 2020

1Division of Neonatology and Intensive Care, Department of Pediatrics and Adolescent Medicine, Medical Center and Faculty of Medicine, University of Freiburg, Freiburg im
Breisgau, Germany; 2Department of Neonatology, Karolinska University Hospital⁄Karolinska Institutet, Stockholm, Sweden; 3Department of Neonatology, Emma Children’s
Hospital, Amsterdam UMC, University of Amsterdam, Amsterdam, The Netherlands; 4Division of Neonatology, St-Luc University Hospital, Catholic University of Louvain, Brussels,
Belgium and 5Department of Pediatrics, University of California San Francisco, San Francisco, CA, USA
Correspondence: Roland Hentschel (roland.hentschel@uniklinik-freiburg.de)

www.nature.com/pr

© International Pediatric Research Foundation, Inc. 2020

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-020-0750-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-020-0750-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-020-0750-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-020-0750-8&domain=pdf
http://orcid.org/0000-0003-0411-4067
http://orcid.org/0000-0003-0411-4067
http://orcid.org/0000-0003-0411-4067
http://orcid.org/0000-0003-0411-4067
http://orcid.org/0000-0003-0411-4067
mailto:roland.hentschel@uniklinik-freiburg.de
www.nature.com/pr


inhibition of surfactant by serum components. SP-D action on
surfactant function is less clearly defined but could be important
for promoting production of a surplus of surfactant in processes
and situations where surfactant homeostasis is challenged.1 SP-B
and SP-C are essential for spreading and for the physicochemical
function of surfactant. SP-B is critical for adsorption of surfactant
phospholipids into the fluid−air interface and the dynamic
behavior of interfacial surfactant films subjected to the continuous
compression–expansion cycling resulting from tidal respiration.1,2

Its critical role is well demonstrated by severe respiratory failure
and neonatal death in case of genetically determined SP-B
deficiency, either in human disease or in animal models.3 SP-C is
able to promote adsorption and transfer of phospholipids into the
fluid−air interface, and promotes the formation of multilamellar
structures associated with the interface during compression of
surfactant films close to functional residual capacity (FRC).4 Lack of
SP-C results in lung inflammation and pneumonia; however, it has
only minor or delayed clinical effects in animal models, and SP-C
mutation-associated lung disease in humans results from protein
misfolding or mistrafficking rather than from haploinsufficiency.5

All proteins are also essential to keep the mixture of surfactant
lipids and proteins in a liquid phase.
Critical tension-active properties have been shown to depend

mainly on lipid composition, with over 50 different lipid molecules
composing species-specific surfactant compounds with biophysi-
cal characteristics tailored not only to body temperature, but also
to respiratory rate, and other biological and environmental
parameters.2 Indeed, intracellular phospholipid transport disrup-
tion, induced by bi-allelic mutations of the ABCA3 transporter,
leads to early-onset, severe lung disease and often lethal
respiratory failure in infancy.6 Conversely, specific proteins play a
critical role in film formation and maintenance. The hydrophobic
proteins modulate surfactant phase behavior and morphology
independently from the lipid composition, but dependent on the
coexistence of ordered and disordered phases.
While the biochemistry and molecular biology of surfactant has

been the object of intensive laboratory research, showing how
biochemical composition, molecular tri-dimensional structure,
lipid–protein interactions and mechanical features of surfactant
membranes and films correlate with surfactant biological function
inside the lungs, most of these findings did not culminate in
clinical research or practice applications so far.
Finally, complex mechanisms mediate alveolar surfactant

catabolism and recycling by alveolar macrophages and type II
pneumocytes. The granulocyte-macrophage-colony-stimulating
factor (GM-CSF) pathway is central in these processes, as
demonstrated by the development of pediatric-onset alveolar
proteinosis in subjects with mutations of its receptor subunits
CSF2RA and CSF2RB.7

Techniques for functional testing of surfactant
Since John Clements conducted the first direct measurements of
pulmonary surfactant using his home-made Langmuir–Wilhelmy
surface balance half a century ago,8 many more in vitro
tensiometric techniques, such as the pulsating bubble surfacto-
metry, captive bubble surfactometry, and the constrained sessile
drop, have been developed to assess surfactant function. These
techniques, providing a direct measure of surface tension
properties, were complemented by biochemical or microscopic
assays in amniotic fluid, gastric or tracheal aspirates: the lecithin/
sphingomyelin ratio, percentage of phosphatidylglycerol, the
lamellar body count (LBC) and the stable microbubble test (SMT)
gained a certain importance for prediction of RDS antenatally,9

need for intubation and surfactant early postnatally in preterm
infants, or for diagnosis of secondary surfactant deficiency in
infants and children.10,11

Since these laboratory assays were time-consuming, technically
demanding, difficult to standardize and far from physiologic

conditions they are rarely considered nowadays, also because they
were validated only in small studies, but in particular since
antenatal corticosteroids and postnatal surfactant administration
both have dramatically altered the appearance of RDS in the past
few centuries.
Even though it is still worth mentioning these techniques, not

only for historic purpose, but also since the in vitro tensiometric
techniques are relevant to studies on designing artificial
surfactants, improving surfactant composition, or identifying
factors, which may either have an impact on surfactant inhibition
or on stability.
Recently, Ravasio et al.12 described a technique for measuring

phospholipid (PL) surface film formation in multiwell plates
containing fluorescence-labeled surfactant and a light quencher
that allows high-throughput kinetic analyses at various concen-
trations of surfactant, and developed it into an assay, designated
surfactant adsorption test (SAT). This innovative technique allows
simultaneous analysis of multiple samples, making it suitable for
clinical applications as well as for experimental testing of
pharmacological compounds. Adapting this assay for clinical
testing, Danhaive et al.13 demonstrated the correlation of
surfactant film formation properties with SP-B content in preterm
infants receiving late surfactant therapy for persisting respiratory
failure. Using a similar technique, De Luca et al.14 described the
positive effect of whole-body hypothermia on surfactant function
after 48 h in term infants with hypoxic-ischemic encephalopathy
and respiratory failure. Autilio et al.15 showed that SAT values
could predict continuous positive airway pressure (CPAP) failure
and the need for surfactant replacement in preterm infants
≤32 weeks gestational age (GA) with RDS, compared to
established clinical criteria and validated tests such as lung
ultrasonography or LBC. This promising technique has the
potentiality of being developed into a fast, standardized
laboratory test, which would open the door to clinical applications.

Imaging techniques, immunochemistry, kinetics and homeostasis
The spatial-temporal nature of ventilation within the lung as it
aerates after birth is a key element in clinical management of RDS,
and assessing the contribution of endogenous and exogenous
surfactants in the process in vivo remains a major challenge.
Various animal models have been developed for assessing
regional surfactant distribution and pool sizes in vitro and
in vivo with immunochemistry and chemical or radioactive
isotope labeling.16 Phase contrast X-ray imaging allows visualizing
and measuring the volume of air entering different regions of the
lung on a breath-by-breath basis from birth on, thus assessing
exogenous surfactant effect in real time.17 In part owing to danger
of radiation damage, none of these techniques have been applied
to in vivo dynamic measurements in humans so far.
Bronchoalveolar lavage has been a source for assessing

surfactant composition by biochemical, immunochemical or
cytology techniques. Quantitative measurements of SP-B and SP-
C apoprotein fractions and mature peptides have been used as an
index of alveolar maturation18 and as a screening tool for genetic
surfactant homeostasis disorders and other pediatric interstitial
lung diseases, with low SP-B level indicating SP-B deficiency, and
low SP-C level suggesting mutations in SFTPC, NKX2.1 and ABCA3
genes.19

Surfactant kinetics has initially been studied by radioactive
isotope or immunochemistry labeling in animal models. However,
kinetics of surfactant phospholipid and protein synthesis and
turnover can also be studied in vivo in infants by using the
nonradioactive, stable isotopes 13C and 2H and analyzing serial
tracheal aspirates with mass spectrometry.20 Term infants have a
surfactant storage pool of approximately 100mg/kg of surfactant,
while preterm infants have an estimated pool size of 4−5mg/kg
at birth. Desaturated phosphatidylcholine fractional synthesis rate
(FSR) and half-life were calculated to be 25 percent/day and 35 h,
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respectively, in a cohort of newborns, but are highly variable,
ranging from 16 to 177 h in published studies, depending on GA,
postnatal age and other associated conditions. With the same
method for exogenous surfactant PLs, an average half-life of 34 h
and for SP-B an FSR and half-life of 30 percent/day and 21 h,
respectively, was determined. The stable isotope method was
used to demonstrate disruption of endogenous surfactant home-
ostasis in RDS, congenital diaphragmatic hernia, meconium
aspiration pneumonia, genetic surfactant dysfunction diseases
and other pathologic conditions,21–24 but it can also assess the
effects of exogenous surfactants in infants with RDS.25 Even
though the stable isotope method is a powerful research tool and
allows precise human in vivo measurements without biological
toxicity it is too complex and time-consuming for routine
applications.

EXOGENOUS SURFACTANT REPLACEMENT—CLINICAL
EFFECTS
Animal-derived surfactant preparations
Since the first studies of surfactant treatment for neonatal RDS in
the 1960s, several surfactant preparations have been tested and
compared in clinical trials. Currently, the only commercially
available animal-derived surfactants are harvested either by
lavage from bovine lungs (such as calfactant, bovactant, bovine
lipid extract surfactant) or through mincing of porcine or bovine
lung tissue, followed by centrifugation (such as poractant alfa and
beractant).
Commercially available animal-derived surfactant preparations

differ in composition and concentration of PLs and proteins.
Poractant alfa uses liquid chromatography to extract only polar
lipids and contains the highest total concentrations of phospho-
lipids and SP-B. This in turn means that the volume necessary to
administer the same amount of phospholipids intratracheally is
lowest for poractant alfa and allows for administration of a higher
dose, up to 200mg/kg, even in the smallest infants.
A large retrospective study comparing more than 14,000 infants

treated with poractant alfa, beractant or calfactant reported a
significantly lower overall mortality for infants with birth weights
500–749 g when treated with poractant alfa,26 but this difference
was not found in another large retrospective analysis of a more
mature cohort with >50% of infants >31 weeks GA.27

The size of the first dose of surfactant may be more important
for clinical response than the source of surfactant. Infants treated
with beractant were more often nonresponders if given a lower
dose of 50 mg/kg, compared to a higher dose of 100mg/kg.28

Doses higher than 100mg/kg of beractant are difficult to
administer due to the comparatively low concentration of
surfactant in the solution. For poractant alfa a high dose of 200
mg/kg, as compared to a lower dose of 100 mg/kg, led to better
survival and decreased risk for complications such as persistent
ductus arteriosus (PDA) and intraventricular hemorrhage.29 A
higher first dose also reduces the need for repeat doses. Older
studies, before implementation of antenatal steroids and with
other ventilation strategies, suggested that multiple doses of
surfactant had additive effects in reducing complications such as
pneumothorax. Recent guidelines do not recommend repeat
doses routinely, but advise that a second (and third) dose should
be given to infants with ongoing or progressing respiratory
distress. Surfactant treatment during CPAP, such as INSURE
(INtubation-SURfactant-Extubation) and LISA (Less Invasive Surfac-
tant Administration), may reduce the need for repeat doses.30

A large recent meta-analysis, including 1483 neonates in 14
trials, found that 200mg/kg poractant alfa was associated with
lower frequency of retreatment, but also with lower rate of air
leaks and lung hemorrhage, bronchopulmonary dysplasia (BPD)
and lower mortality, when compared to bovine surfactants
at the recommended lower respective doses.31 An impact on

retreatment and BPD was most pronounced in the lowest and
highest GA groups. A meta-analysis by Singh et al.29 had given
comparable evidence. These results might suggest that the higher
dose or concentration of phospholipids in poractant alfa may be
important for optimal efficacy; however, there is a lack of dose-
equivalent comparison groups to reliably answer this question,
and there is the general flaw of meta-analyses that differences in
indication and pattern of use at different centers may weaken the
validity of results. Hence, it is not clear whether differing results
are due to chemical composition, resistance to inactivation, or
source of surfactant.

Synthetic surfactant preparations
Recognizing the production limitations, costs and biological risks
of animal-derived surfactants, many attempts have been made to
produce synthetic surfactants for replacement therapy. The
characteristics of an optimal surfactant include reduction of
surface tension to values of ~1−2mN/m under compression, rapid
adsorption and film formation at the alveolar gas−liquid interface,
maintenance of tension-active properties over several repeated
compression−expansion cycles during breathing, and mainte-
nance of its properties at lower concentrations and in the
presence of inhibitors.
A fully synthetic surfactant is appealing, because it eliminates

concerns about the animal origin of mammalian surfactants, such
as the potential risk of immunological or infectious side effects,
and it also secures more predictable and consistent concentra-
tions of all components in the surfactant preparation.
First-generation synthetic surfactants, that consisted of lipid-

only, protein-free mixtures, were of limited success and inferior to
animal-derived surfactants32 in treating RDS because of their
inability to adsorb at the alveolar fluid−air interface. This latter
drawback was overcome with colfosceryl palmitate (Exosurf®,
approved worldwide and commercially available 1991–2003),
which besides DPPC to lower surface tension also contained
hexadecanol to promote adsorption and tyloxapol to facilitate
dispersion. This second-generation synthetic surfactant was
efficacious in treating RDS in preterm infants,33 but proved to
be inferior to animal-derived surfactants in randomized control
trials, and was finally withdrawn from the market.
Given the inferiority of protein-free synthetic surfactants, two

third-generation synthetic surfactants (lusupultide and lucinac-
tant) have been developed by adding functionally important
proteins.
Lusupultide (Venticute®), which contains recombinant SP-C, has

only been tried in adults with acute respiratory distress syndrome
(ARDS), but showed disappointing results despite some benefits in
oxygenation and survival in patients with pneumonia or aspira-
tion, and was never commercialized.
Lucinactant incorporated sinapultide (KL4 acetate), a peptide

analog mimicking SP-B, in a phospholipid mixture closer to human
surfactant composition. This compound showed in vitro functional
characteristics equal or superior to endogenous or animal-derived
surfactants, and was not inferior in vivo; thus, it was approved and
commercialized as Surfaxin®.34,35

Lucinactant has been evaluated against beractant and porac-
tant alfa in two randomized trials and, although the second trial
was stopped prematurely, the results suggest that it was safe, and
outcome was comparable to animal-derived surfactants.34,35 Even
though some meta-analyses showed that lucinactant treatment
resulted in higher survival than other commercial products,
possibly due to a better resistance to inactivation and degrada-
tion, it failed to reach commercial success. The drawbacks of the
lucinactant preparation was its high viscosity at room temperature
and a gel formulation, which required heating, mixing and
subsequent cooling to body temperature before administration.
Also, the dose-equivalent volume was approximately 2.5 times
that of poractant alfa. Surfaxin was withdrawn from the European
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market in 2006, and production was completely stopped by the
US manufacturer in 2015.
Lucinactant is currently under development as an aerosolized

surfactant (Aerosurf®), having reached preclinical testing.36

Recently, CHF5633, a third-generation compound combining a
0.2% SP-B analog and a 1.5% SP-C analog in a 1:1 DPPC:
palmitoyloleoylphosphatidylglycerol mixture, yielded promising
results for RDS therapy in a phase-1 human trial,37 and is currently
undergoing a multicenter RCT versus animal-derived poractant
alfa. In vivo stable isotope animal studies showed a considerable
delay in catabolism and enhanced phospholipid recycling of
CHF5633 compared to poractant alfa.38 Also, in vitro studies
showed decreased proinflammatory cytokine synthesis in macro-
phages in response to CHF5633,39 suggesting the possibility of
better efficacy in preventing chronic lung disease in preterm
infants with RDS and broader indications for surfactant replace-
ment therapy, such as neonatal or pediatric ARDS.40

Lambs treated with CHF5633 for RDS have better lung and brain
injury scores than those treated with poractant alfa. The first
phase-I human trial in 40 infants with 27–34 weeks GA reports
rapid and sustained improvement in oxygen requirement for 98%
of the infants, good tolerability and no unexpected adverse
events.37 A phase-II multicenter double-blinded clinical trial
comparing CHF5633 with poractant alfa is ongoing (Clinical-
Trials.gov NCT02452476).

Additives for surfactants
Surfactant consists of the two major subfractions called large
aggregates (LA) and small aggregates (SA). LA surfactant is able to
lower alveolar surface tension, but SA surfactant is not surface
active and is the metabolic product of the LA fraction.41 Factors
enhancing the conversion of LA to SA will therefore compromise
surfactant function.
Anionic polymers such as dextran and hyaluronan have the

property of enhancing and restoring interface adsorption of
surfactant LA. Endogenous and animal-derived surfactants sup-
plemented with hyaluronan showed enhanced resistance to
inactivation by meconium, cholesterol or serum, offering the
potential for clinical improvements in secondary surfactant
deficiencies due to ARDS, pulmonary hemorrhage or aspiration.42

Due to its adsorption and spreading characteristics, surfactant is
a potential vehicle for airway-targeted medications.43 Budesonide,
a synthetic glucocorticoid, which undergoes a 90% first-pass
hepatic catabolism, is widely used as a nebulized drug for asthma.
It was used as an alternative to systemic steroids in the prevention
and treatment of BPD, but no benefit could be demonstrated for
the latter.44,45 Addition of budesonide to surfactant does not alter
its functional properties and showed beneficial anti-inflammatory
effects in animal models.46 In two successive RCTs, Yeh et al.
tested a budesonide-surfactant mixture for prevention of BPD in
preterm infants with RDS, showing a striking reduction of BPD
with no long-term neurological side effects.47,48

However, the unusually high incidence of BPD in their study
population may limit the value of their conclusion. Also, these
results have not been reproduced so far by other groups;
however, a larger, US-based RCT of budesonide-supplemented
surfactant for prevention of BPD is currently ongoing (SASSIE trial:
ClinicalTrials.gov NCT02907593).

CLINICAL PRACTICE
New modes of administration
Different modes of surfactant administration have been studied
with regard to impact on mechanical properties of the lung and
gas exchange. The standard approach to administer surfactant is
instillation via the endotracheal tube (ETT) in the mechanically
ventilated infant with RDS. This allows rapid surfactant bolus
application, resulting usually in a more homogenous surfactant

distribution, compared to slow infusion of surfactant, as evidenced
from animal studies.49–51 However, whether a plug forms
coincidentally before the next inspiration, which is a prerequisite
for a good surfactant distribution after bolus administration,50

cannot be anticipated. Surfactant obviously needs a few minutes
to dissipate into the typical monolayer along bronchial and
alveolar surfaces, which is essential for its physicochemical
properties. However, an immediate change of resistance and the
risk of disturbed blood pressure and heart rate, as well as
bronchus obstruction, remain unsolved problems49,52–54; so, in
individual cases slow surfactant infusion might be preferable.49

Against this background inhalation techniques continue to attract
interest, in particular because intubation is not required.
Since mechanical ventilation is associated with barotrauma

and increased risk for ventilator-associated infections, noninvasive
modes to administer surfactant were sought to minimize
need for endotracheal intubation or duration of mechanical
ventilation.55,56

The INSURE procedure comprises intubation followed by
surfactant administration and early extubation. This approach
uses short acting sedatives for intubation allowing extubation to
noninvasive respiratory support right after surfactant administra-
tion. Since the studies by Verder et al.55 this approach has been
widely adopted, by which the period of mechanical ventilation is
minimized. Reversal of sedation or use of very short acting
sedatives allow for rapid return to spontaneous breathing.57

However, only about 30% of preterm infants below 32 weeks GA
are successfully treated with the INSURE procedure, whereas two
out of three patients require longer periods of ventilation or re-
intubation, due to effect of sedatives, poor gas exchange despite
continuous mechanical ventilation during the procedure, or
exhaustion.58,59

More recently LISA was introduced, and this technique was
adopted quickly into clinical practice.56,60 In this modification
surfactant is delivered through a thin, flexible feeding tube or a
catheter placed into the trachea during spontaneous breathing,
often supported with CPAP, eliminating the need to intubate with
an ETT. Usually little or no sedation is given for the procedure,
which has been described as a rapid injection technique, but also
as a slow infusion over 1–3min.61 Depending on the risk of
surfactant reflux due to the leak at the level of the larynx, a very
slow application of surfactant may be preferred, and nonhomo-
genous distribution does not seem to be a problem with this
technique.61 Also, coughing of the infant during the procedure
may cause reflux into the pharynx and hamper deposition of the
whole amount of surfactant in the lung.
Both newer modes of surfactant therapy have proven to reduce

the duration of invasive mechanical ventilation. Several rando-
mized trials showed an effectivity at least equivalent to the
classical approach with intubation and mechanical ventilation.62,63

Inclusion of larger numbers of infants through meta-analyses
suggests a reduction in BPD and mortality with the new modalities
of surfactant administration.63 Therefore, combination of surfac-
tant therapy and noninvasive respiratory support may be a
valuable approach to further improve long-term outcomes.
Subgroup analysis of the NINSAPP trial, which compared

invasive surfactant administration with the LISA technique,
suggested that very immature infants may benefit less from the
noninvasive approach compared to the subgroup of >24
completed weeks of GA.62 Also, the severity of RDS might
influence the choice, by which mode surfactant is given. Further
studies should try to unravel how to proceed in case of LISA or
INSURE failure, defined for instance by persistent high oxygen
demands.
Surfactant has been given into the pharynx before the first

breath,64 via laryngeal mask65 or by nebulization66 either
experimentally or in small trials. Deposition of a satisfactory dose
is the main challenge hampering these approaches. However, with
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new technical developments, these techniques may play a role in
the future.

Factors improving or impeding effect of endogenous or
exogenous surfactant
Consistent with animal data human studies have clearly shown
that antenatal corticosteroid (ANS) treatment has significant
beneficial effects on the outcome of preterm infants, reducing
incidence and severity of RDS, but also mortality as one of the
most important effects.67 This reduced mortality is in part
mediated by an improved lung function at the time of birth.
Animal models have shown that ANS accelerate lung maturation
by thinning of the walls between the alveolar and vascular
compartment and by speeding up maturation of the surfactant
producing type II pneumocytes.68 As a result lung volumes and
mechanics are improved. Furthermore, ANS treatment enhances
the effect of exogenous surfactant on these outcomes and on
lung function.69 In summary, ANS together with surfactant
independently, but also additively, reduce mortality, severity of
RDS, and air leak of preterm infants. Mortality is reduced, but there
is no effect on neurodevelopmental outcome, and rate of BPD is
reduced only in single studies.
The most important effect of exogenous surfactant is lowering

of the alveolar surface tension thereby improving lung volume,
lung mechanics and gas exchange. However, the effect of
exogenous surfactant on these outcomes may differ between
patients, and several factors impacting the response to exogenous
surfactant have been identified.
The timing of surfactant treatment after birth can also impact its

efficacy. Several meta-analyses have shown that delaying surfac-
tant treatment after birth will have a negative impact on its
efficacy.70,71 It has been suggested that this difference in favor of
early treatment may be explained by a more optimal distribution
of surfactant in a still fluid-filled lung, and the lack of ventilator-
induced lung injury accompanied by fluid and protein influx into
the alveolar space. However, it is important to mention that these
negative effects of delayed surfactant treatment have mainly been
observed in trials using invasive mechanical ventilation as initial
strategy for respiratory support after birth. Nowadays, many
centers have adopted noninvasive ventilation as the primary
mode postnatally, and studies have shown that delaying
surfactant treatment under these circumstances does not have a
negative effect on its efficacy, when compared with primary
invasive respiratory support combined with early (prophylactic)
surfactant treatment.70

Surfactant function can be impeded by several pathophysiolo-
gic conditions.
Secondary surfactant deficiency from surfactant inactivation

may occur with aspiration syndrome, pulmonary hemorrhage,
pneumonia or ARDS.
An aspiration syndrome may be due to ingestion of meco-

nium,72 blood,73 milk74 or bile75 into the lung. Part of the
deleterious effects of meconium aspiration syndrome is exerted
by inactivation of alveolar surfactant and activation of severe
inflammation causing pneumonitis.72

Blood components like hemoglobin, entering the lung either
with sangineous amnion fluid or following pulmonary hemor-
rhage, rapidly inactivate surfactant causing secondary surfactant
deficiency and severe decline in lung function.76 Lung lavage with
diluted surfactant and subsequent refilling of the surfactant pool
with an adequate dose of animal-derived surfactant can be
performed to overcome serious respiratory compromise exerted
by meconium77 or blood.78

Disturbance of surfactant homeostasis in the presence of
chorioamnionitis or pneumonia results from inactivation of
surfactant with leakage of plasma proteins into the airspaces
and influx of inflammatory cells causing cytokine release and
inflammation.79 A similar effect is part of the pathophysiologic

cascade in ARDS. Surfactant is frequently needed in inflammation
processes, like chorioamnionitis, pneumonia or ARDS. However,
while the role of surfactant therapy is well established to improve
gas exchange and reduce mortality in primary surfactant
deficiency in the preterm infant, its role in surfactant inactivation
through inflammation is less clear: response is more unpredictable
and often slower; also repeated doses of surfactant may be
needed.80

Assisted ventilation after surfactant administration
Mechanical ventilation of preterm infants is associated with
volutrauma and hyperoxia, leading to lung damage. This triggers
an inflammation process, which activates cellular response and
release of cytokines and proteases, harbingers of BPD. This
sequence of injury can be attenuated or even abrogated by
surfactant administration.
Animal data suggest that large tidal volumes (Vt) delivered

shortly after birth during respiratory support of preterm lambs
have a negative impact on surfactant response.81 However, there
are no data to support this in humans.
Animal studies have also shown that injurious invasive

mechanical ventilation increases conversion of SA to LA surfactant,
which leads to leakage of proteins into the alveolar space and
reduces surfactant function. Applying so-called lung-protective
ventilation strategies can attenuate this process.82 This observa-
tion may in part explain why several trials comparing high-
frequency ventilation (HFV) to conventional mechanical ventila-
tion (CMV) have shown that infants treated with (lung protective)
HFV require less repeat treatments with surfactant, which may
indirectly indicate a better preservation of the first surfactant
dose.83

Lack of surfactant, due to premature birth, hampers constant
lung expansion, so continuous distending pressure from inter-
mittent mandatory ventilation (IMV) or CPAP and administration
of exogenous surfactant is required.
A homogenous distribution across the whole compartment of

terminal bronchioli and alveoli would be optimal; however,
surfactant will not reach areas, which are filled with debris or
are collapsed, so a certain distending pressure is required
immediately before and after surfactant administration.
Unless surfactant is given via a side port of the ETT during

continuous ventilation or CPAP, surfactant administration usually
requires disconnection of the patient from the ventilator for a
short period of time, during which alveoli will collapse. So a static
distending pressure via ventilation bag to re-open the lung and
facilitate distribution of surfactant into the periphery after
disconnection may be advantageous.
Immediate increase in oxygenation, following surfactant admin-

istration, is probably the result of increased FRC, not of altered
lung mechanics,84 so FiO2 is always the first parameter of
ventilation, which can be reduced.
The subsequent ventilation most often requires increased peak

inspiratory pressure (PIP) to yield at least minimum ventilation in
the first minutes after surfactant treatment53,54 or to overcome the
frequent phenomenon of total bronchial obstruction.54 This
period of increased resistance requires a long inspiratory time,
relatively long expiratory time, and thus a low frequency, which
contrasts to findings from a model of excised rat lungs showing
that higher frequencies in the range of 60/min improved
homogenous distribution of surfactant to different lung lobes.85

In clinical practice change of pO2 and pCO2 will most often require
an immediate intervention by intensification of ventilation.
Positive end-expiratory pressure (PEEP) must be high enough to

keep alveoli open during expiration, and from the clinical
perspective PIP must be high enough to yield visible chest
expansions after surfactant administration.
To some extent ventilation modes with volume guarantee may

help to overcome the problem of rapidly changing lung
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mechanics after surfactant, resulting in changing Vt, but PIP must
be set high enough.54

Within a timeframe of about 30−60min, compliance will
increase and resistance will return to baseline.53 It is mandatory
to notice this development by either watching thorax expansion,
which can change rapidly, or to notice increasing Vt, if measured.
A great and timely reduction of PIP and PEEP is then mandatory to
avoid alveolar overdistension and extra-alveolar leakage. At this
time point frequency can eventually be increased.
Surfactant administration while using HFV with the “open lung-

concept” has also shown promising results to keep the lung open
in surfactant deficiency; continuous distending pressure could be
reduced,86 comparable to the effect during CMV, where FRC
increases immediately and compliance increases after a short
time.53

For effective and lung-protective ventilation in these most
vulnerable preterm infants, the time-resolved mechanics of the
inspiratory and expiratory part of the ventilation cycle should be
taken into consideration. In this respect total bronchial and
bronchiolar resistance and local bronchiolar and alveolar com-
pliance are the most important determinants.

Hemodynamic changes and extrapulmonary effects
In animal and human studies surfactant administration leads to
immediate changes in hemodynamics. It is speculated that
surfactant might have a “pharmacological” effect causing vasodi-
lation. In a dose-dependent manner mean arterial blood pressure
decreases after surfactant, due to systemic vasodilation, but can
be partly compensated by an increase in cardiac output. On the
other hand, these effects are difficult to distinguish from effects
resulting from the frequently observed increase in pCO2, leading
in particular to cerebral vasodilation and a decrease of left-to-
right-shunt across the PDA after increase of pulmonary vascular
resistance. But there are also conflicting results regarding change
of cerebral blood flow velocity and/or regional cerebral oxygena-
tion immediately after surfactant and uncertainty about pulmon-
ary arterial pressure and pulmonary blood flow. These parameters
can be measured only indirectly, but differences in timing of
measurement, surfactant dose and persistence of PDA may also
lead to varying results. Alarming effects on hemodynamics at
about 20–30min after surfactant administration often are the
result of a compromised venous return due to an overinflated
lung, if PIP and PEEP are not reduced adequately.

SUMMARY
Over 50 years of basic research on surfactant biology and
homeostasis have yielded one of the greatest breakthroughs in
neonatology, surfactant replacement therapy, which has led to a
spectacular increase in survival, pushing back the boundaries of
premature viability, and improving short- and long-term morbidity
of preterm infants. However, translation of basic research into
clinical applications remains often challenging, due to the
complexity and extreme sensitivity of the surfactant system, the
lack of clinically applicable assays and techniques, and the fragility
of the premature infant. Translational research efforts, which aim
at closing this gap, hold the potential for future advances, which
may go well beyond prematurity and the neonatal period.
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