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Nebulized Poractant Alfa Reduces the Risk of
Respiratory Failure at 72 Hours in Spontaneously
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Objectives: We have setup for the first time a long-term (72hr)
respiratory distress syndrome model in spontaneously breathing
surfactant-deficient newborn piglets to investigate the continuous
positive airway pressure failure rate with nebulized poractant alfa
compared with that with the intubation surfactant extubation tech-
nique or continuous positive airway pressure only.

Design: Prospective randomized animal study.

Setting: Biocruces-Bizkaia Health Research Institute Animal Facility.
Subjects-Interventions: Eighteen newborn piglets (n = 6/group) with
surfactant-deficient respiratory distress syndrome were randomized
to three continuous positive airway pressure—ventilated groups: 1)
nebulized surfactant (poractant alfa 400 mg/kg) via a customized
investigational eFlow-Neos vibrating membrane nebulizer system,
2) bolus administration using the Intubation Surfactant Extubation
method (200 mg/kg), or 3) continuous positive airway pressure
alone.

Measurements and Main Results: Pulmonary and hemodynamic
variables were assessed at 6-hour intervals for 72 hours. Lung
and brain histological analyses were performed. After bronchoal-
veolar lavages, piglets developed respiratory distress syndrome.
Over the follow-up, both surfactant-treated groups had signifi-
cantly better pulmonary outcomes than the continuous positive
airway pressure alone group. Furthermore, unlike in the contin-
uous positive airway pressure group, there were no cases of res-
piratory failure in either of the surfactant-treated groups.

"Animal Research Unit, Biocruces Bizkaia Health Research Institute, Bara-
kaldo, Bizkaia, Spain.

?Medical Devices Group, University of Basque Country, Portugalete, Biz-
kaia, Spain.

Chiesi Farmaceutici, R&D Department, Largo Belloli, Parma, ltaly.

“Neonatal Intensive Care Unit, Cruces University Hospital, Barakaldo, Biz-
kaia, Spain.

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health,
Inc. on behalf of the Society of Critical Care Medicine and Wolters Kluwer
Health, Inc. This is an open-access article distributed under the terms of
the Creative Commons Attribution-Non Commercial-No Derivatives Li-
cense 4.0 (CCBY-NC-ND), where it is permissible to download and share
the work provided it is properly cited. The work cannot be changed in any
way or used commercially without permission from the journal.

DOI: 10.1097/CCM.0000000000004318

Critical Care Medicine

Conclusions: In newborn piglets with respiratory distress syn-
drome, the nebulization of 400mg/kg of poractant alfa using a
customized investigational eFlow-Neos nebulizer was found to be
safe and effective in reducing the risk of respiratory failure in the
72 hours after treatment. (Crit Care Med 2020; 48:e523-e531)
Key Words: brain; inflammation; long-term study; nebulized
surfactant; respiratory distress syndrome

n recent years, the way surfactant is administered in neo-

natal ICUs has changed considerably, from standard bolus

therapy (intubation-mechanical ventilation) to the in-
tubation surfactant extubation (InSurE) method, the less in-
vasive surfactant administration method, or investigational
approaches like surfactant nebulization (1-3). The use of nebu-
lized surfactant seems to be the least invasive approach, fully
avoiding the risks associated with instillation of a surfactant
bolus into the trachea in neonates with respiratory distress syn-
drome (RDS). Although preclinical and clinical studies using
nebulized surfactant have not been always successful (studies
having differed in nebulizer type and surfactant dosage), overall,
the treatment appears to be safe and well tolerated (3—14).

A new device based on vibrating membrane technology
(eFlow-Neos Nebulizer; Pari Pharma, Starnberg, Germany)
has been designed for use in infants and is able to deliver high
doses of surfactant, while surfactant characteristics remain
unchanged after nebulization (15-17). Only one clinical trial
has evaluated the efficacy of using this nebulizer (200 mg/kg;
poractant-alfa) and found only less need for intubation in
the first 3 days compared to that with nasal continuous pos-
itive airway pressure (nCPAP) treatment (3). Considering the
known surfactant losses during nebulization, it is reasonable to
also explore the efficacy of higher doses (18).

The aim of this study was to assess, for the first time over
the critical period of 72 hours after surfactant treatment, the
efficacy and safety of poractant alfa 400 mg/kg nebulization
(18), using the eFlow-Neos nebulizer (Pari Pharma), as a non-
invasive method of administering surfactant for the treatment
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of neonatal RDS. We hypothesized that the combination of
nCPAP and nebulized surfactant would reduce the nCPAP
failure rate as measured by the need for intubation and me-
chanical ventilation in spontaneously breathing newborn
piglets, with bronchoalveolar lavage (BAL)-induced RDS.
Furthermore, we assessed the impact of nebulized surfactant
on gas exchange, hemodynamic parameters, oxygen metabo-
lism, and lung and brain injury scores.

MATERIAL AND METHODS

Animal Preparation

The experimental protocol meets Spanish and European regu-
lations for the protection of experimental animals (UE2010/63
and RD53/2013) and was approved by the Ethics Committee
for Animal Welfare of Biocruces Bizkaia Health Research In-
stitute (OEBA-CET-2016-003). First, 2—4-day-old newborn
piglets were sedated (ketamine-diazepam-atropine intramus-
cular) and anesthetized with sevofluorane (19). A cuffed en-
dotracheal tube (ET) was connected to a positive pressure
ventilator with the following settings: F10, equals to 0.21-0.28,
respiratory frequency equals to 28 breaths/min, positive end-
expiratory pressure (PEEP) equals to 3cm H,O, and positive
inspiratory pressure (PIP) equals to 9-11 ¢cm H,O to maintain
a tidal volume (V) equals to 8—10 mL/kg.

An arterial catheter was inserted into the carotid artery to
monitor mean arterial blood pressure (MABP) and heart rate
(HR) and to obtain blood samples for gas analysis. In addition,
a 5F dual-lumen catheter was inserted into the jugular vein for
administering fluids for hydration, parenteral nutrition, and
collection of venous blood samples. The animals received pro-
phylactic antibiotics (amoxicillin-clavulanate 100 mg/kg/d IV).

Lung Injury and Study Design

Surfactant-deficient lung injury was achieved by repetitive sa-
line lavage (30mL/kg; 37°C; Fro,:1) (19, 20). Lavage was re-
peated at 5-minute intervals until Pao, less than 100 mm Hg was
obtained with a PIP not exceeding 25cm H,O. After 30 minutes
of stabilization, all piglets received a bolus dose of caffeine citrate
20mg/kg IV (Peyona 20mg/mlL; Chiesi Farmaceutici, Parma,
Italy) before extubation. Tightly fitting short binasal prongs were
placed in all animals. Once spontaneous breathing was estab-
lished, piglets with BAL-induced RDS were randomly assigned
using a sealed-envelope system to one of the following groups:

nCPAP group (n = 6): once breathing spontaneously, piglets
had the ET removed and were maintained on nCPAP alone,
without surfactant treatment.

nCPAP-InSurE group (n = 6): once breathing spontaneously,
piglets were not extubated and received poractant alfa
200 mg/kg (Curosurf, Chiesi Farmaceutici, Parma, Italy)
through the ET. Immediately after that, the ET was removed
and they were maintained on nCPAP.

nCPAP-NebSurf group: once breathing spontaneously, piglets
had the ET removed and received 400 mg/kg of nebulized
surfactant (NebSurf) using an eFlow-Neos nebulizer (Pari
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Pharma) placed between the prongs and the connection to
the nCPAP circuit. Following surfactant nebulization, the
nebulizer was removed, and animals were maintained on
nCPAP.

The nCPAP level was set at 5cm H,O with a flow of 3 L/min
for 72 hours.

Physiologic Measurements

The following physiologic parameters were measured or cal-
culated at baseline (immediately after the induction of an-
esthesia, after surgery, upon intubation), immediately after
inducing RDS by BAL, 30 minutes later (after a 30-min period
of stabilization, animals having been under mechanical venti-
lation) and, following extubation, during nCPAP every 6 hours
until the end of experiment, at 72 hours.

Arterial pH, Pao , Paco,, base excess and Pao /F10, and arte-
rial oxygen content (Cao,) and
intrapulmonary-shunt (Qs/Qt); HR, and MABP.

Further, airway flow, mean airway pressure, and V.. moni-
tored with a flow sensor connected to the ET, whereas values
of lung mechanics were measured with a computerized
system (M1014A, Philips Medical System, Eindhoven, The
Netherlands) during the intervals in which animals were intu-
bated. The analyzer reported values for dynamic compliance
(C dyn), V,, and airway resistance at baseline, after the BAL-
induced surfactant depletion, and after 30 minutes of stabili-
zation of BAL-induced RDS. After 30 minutes of stabilization,
all animals were extubated. During nCPAP, lung mechanics
cannot be measured. At the end of the experiment (72-hr of
follow-up), all animals were reintubated, connected to me-
chanical ventilation (using the same settings as at baseline),
and lung mechanics were measured.

Reintubation-Extubation Criteria
Reintubation was performed if animals showed any of the fol-
lowing signs of nCPAP failure:

a rapid rise in F1o, requirement (10%) over 1-2 hours; Fio,
greater than 0.50 with Pao, less than 80 mm Hg or

respiratory acidosis (pH < 7.25 or Paco, > 60 mm Hg) or

recurrent apneic episodes (>3 episodes/hr or >1 apneic epi-
sode/hr requiring stimulation).

Extubation was performed when all the following criteria
were met:

good respiratory drive with spontaneous breaths over the ven-
tilator and

mean airway pressure less than or equal to 8 cm H,O and

F1o, less than 0.50 with Pao, greater than 80-100 mm Hg and

pH greater than 7.25 with Paco, less than 60 mm Hg.

Lung Tissue Analysis
Postmortem, the lungs were removed and perfused with saline.
The left lung was isolated, occluded, and stored at —80°C until
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use in biochemical analysis, whereas the right lung was fixed
(4% formalin) for histological analysis (19).

Frozen lung samples were used for measurements of inter-
leukin (IL)-8, IL-1B, and tumor necrosis factor-o. concentra-
tion using specific enzyme-linked immunosorbent assay kits
(Abnova, Tapei City, Taiwan). Enzyme activities, catalase (19,
21), and superoxide dismutase were tested (Cayman Chemical,
Ann Arbor, MI), whereas protein concentrations were deter-
mined by the Bradford method (22).

Formalin-fixed tissue was sectioned (5-pm thick), stained,
and analyzed with light microscopy. Lung injury was scored
by a pathologist blinded to treatment allocation. Pathologic
signs of lung injury (atelectasis, alveolar and interstitial in-
flammation, alveolar and interstitial hemorrhage, edema, and
necrosis) were each scored on a 0- to four-point scale: 0 cor-
responding to no injury; 1, 2, and 3 to injury to 25%, 50%,
and 75% of the field; and 4 to injury across the field (20, 23).
Additionally, all seven injury scores were summed to obtain a
mean total lung injury score for each group, ranging from 0 to
28, values higher than 12 corresponding to quite severe lung
injury (19).

Brain-Specific Protein Analysis

For assessing brain-specific protein levels, cerebrospinal fluid
samples were taken at the end of the experiment and frozen at
—80°C until assay. Enzyme immunoassays were used for meas-
uring neuron-specific enolase (NSE) and S100 (DRG Instru-
ments, Marburg, Germany).

Brain Tissue Analysis

The brain was fixed (4% formalin) and divided into cortex,
inner regions (striatum-thalamus-hippocampus), and cer-
ebellum and brain stem. A total of 20 fields were analyzed,
and pathologic features of brain injury (necrosis, inflamma-
tion, hemorrhage, edema and infarction) were each scored
on a zero- to three-point scale: 0 corresponding to no injury;
and 1, 2, and 3 to injury to mild, moderate, and severe in-
jury across the field. The presence of greater than 5 necrotic
cells/field was considered to indicate neuronal necrosis (score
range: 0-20) (24).

Statistical Analysis

Values are expressed as mean + sem. Results were assessed using
Levene’s test and the Kolmogorov-Smirnoff test to determine
whether the assumption of homogeneity of variances between
treatments was met and whether the data were normally dis-
tributed, respectively (JMP8; Statistical Discovery, SAS, NC).
Data related to gas exchange, hemodynamic parameters, oxygen
metabolism, and lung mechanics were analyzed using one-and
two-way analysis of variance by group and time of repeated
measures. Biochemical results and lung and brain injury scores
were analyzed using the nonparametric Wilcoxon test. A p value
of less than 0.05 was considered significant.
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RESULTS

The 18 newborn piglets studied were similar in age (4+1 d)
and size (2.1+0.1kg). Multiple BALs (mean of 13—17) were
needed to induce lung injury (Pao, < 100 mm Hg), no signif-
icant differences being observed between groups in number
of BALs required or amount of BAL recovered (>92% in all
groups). The mean surfactant nebulization time was: 47£6
minutes and nebulizer output was: 0.23 +0.05 mL/min.

Pulmonary Assessment

Gas Exchange and Lung Mechanics. All animals had sim-
ilar pH, PaOZ/FIOZ) Pacoz) Cao,, and Cdyn parameters at base-
line, after BAL, and after 30 minutes of stabilization (Fig. 1
and Supplemental Table 1, Supplemental Digital Content 1,
http://links.lww.com/CCM/F431), with no significant dif-
ferences between groups. BAL produced an abrupt decrease
in Pao /F1o, (Fig. 1A), Cim (Fig. 1B), pH, and Cao, (Supple-
mental Table 1, Supplemental Digital Content 1, http://links.
lww.com/CCM/F431), along with a significant increase in
Paco, (Fig. 1C).

Pao_/F1o0, ratio, Paco,, and pH improved more rapidly
in the nCPAP-InSurE than the nCPAP group (Fig. 1 and
Supplemental Table 1, Supplemental Digital Content 1, http://
links.lww.com/CCM/F431). The administration of 400 mg/kg
of nebulized surfactant produced significant improvements in
these parameters, in line with the changes in the InSurE group.
Although half of the animals in the nCPAP group required
endotracheal intubation and mechanical ventilation due to
recurrent apneic episodes, none in nCPAP-InSurE or nCPAP-
NebSurf groups required intubation. None of intubated ani-
mals were extubated as they did not meet all the extubation
criteria.

The respiratory rate (Supplemental Table 1, Supplemental
Digital Content 1, http://links.lww.com/CCM/F431) was main-
tained higher in the nCPAP group than nCPAP-InSurE and
nCPAP-NebSurf groups, to avoid hypercapnia. Furthermore,
more apnea episodes were recorded during the first 24 hours
in the group given nCPAP alone than the surfactant-treated
groups.

Regarding C, , while values recovered to or close to base-
line values in almost all surfactant-treated animals (80%—
100% in nCPAP-InSurE and nCPAP-NebSurf groups), C, |
recovery was observed in only around 50%-60% of animals
receiving nCPAP alone (Fig. 1B). No significant differences
were observed between groups in V. or resistance parameters
(data not shown).

Lung Inflammatory Markers. Table 1 shows the antiox-
idant enzyme activity and concentrations of the acute-phase
cytokines IL-8, IL1-f3, and tumor necrosis factor-o. measured
in lung homogenate. After 72 hours of nCPAP ventilation,
there were no significant differences in lung antioxidant en-
zyme activity between groups. The nebulization of surfactant
400 mg/kg was associated with lower IL-8 and IL-1B lung cy-
tokine levels than those in the nCPAP group, differences com-
pared with the InSurE group not reaching significance.
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Figure 1. Changes in Pao, Fio, ratio, dynamic compliance (C, ), and Paco, in newborn piglets with surfactant-deficient lung injury treated with nasal
continuous positive airway pressure (nCPAP) without or with surfactant treatment, using the intubation surfactant extubation (InSurE) method or
nebulized surfactant (NebSurf) over the 72-hr experimental period. Pao,/Fio, (A), C, = (B), and Paco, (C) values in the nCPAP (black square),
nCPAP-InSurkE (white square), and nCPAP-NebSurf (white circle) groups. (&)p < 0.05 versus basal point, (p < 0.05 versus nCPAP group, ($)p < 0.05
versus nCPAP-InSurE group (one-way analysis of variance); (#)p < 0.05 versus nCPAP group (two-way analysis of variance). Values are mean * sewm.

BAL = bronchoalveolar lavage, BASAL = baseline point, ST = stabilization
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TABLE 1. Lung Biochemical Analysis in Surfactant-Deficient Newborn Piglets Treated With
Nasal Continuous Positive Airway Pressure Without or With Surfactant Treatment, Using the
Intubation Surfactant Extubation Method or Nebulized Surfactant After 72 Hours of Treatment

Superoxide
Dismutase Enzyme

Activity (U/mg prot),
Mean * sem

Catalase
(nmol/prot/min),
Mean * sem

Tumor Necrosis
IL-8 Factor-a

(pg/mg prot), (pg/mg prot),
Mean * sem Mean * sem

IL-1B
(pg/mg prot),
Mean * sem

Nasal continuous positive 34+0.3 102+ 11 88128 6+1 274+£120
airway pressure

Intubation surfactant extubation 29+04 110£5 59+25 813 71+36

Nebulized surfactant 28+0.5 108+8 30%42 7x1 3918

IL = interleukin.

2p < 0.05 vs nasal continuous positive airway pressure group (one-way analysis of variance).

TABLE 2. Total Lung Injury Scores in Surfactant-Deficient Newborn Piglets Treated With

Nasal Continuous Positive Airway Pressure Without or With Surfactant Treatment, Using
the Intubation Surfactant Extubation Method or Different Doses of Nebulized Surfactant
After 72 Hours of Experimental Period

Alveolar Interstitial Alveolar Interstitial Total,
Lung Atelectasis, Necrosis, Edema, Inflammation, Inflammation, Hemorrhage, Hemorrhage, Mean *
Region Groups Mean*sem Mean tsem Mean * sem Mean * sem, Mean * sem Mean * sem Mean * sem SEM
Upper nCPAP 1.67x0.33 0 1.00+0.37 2.00£0.68 1.83+0.31 0.67+0.49 0560+034 7.67%£1.20
InSurE 1.00+£0.45 0 0.17+0.17 1.00£0.52 1.60+£0.43 0.17+£0.17 0.17+£017  4.00%1.122
NebSurf  0.83+0.40 0 017+0.17 0.83+0.64 1.33+0.49 0 0 3.17x+1.47=
Middle nCPAP 1501022 0 1.00+0.37 1.67+0.56 2.33+0.33 0.67+0.33 067+021  7.83%£1.19
InSurE 1.17+0.31 0 0.17+0.17 1.17+£0.65 1.33+£0.33 0 0.17£0.17  400%+1.132
NebSurf 0.33+£0.21% 0 017+0.17 0.33+0.212 0.67+0.212 0 017017  1.67+0.56°
Lower nCPAP 1.67+0.33 1.0£1.0 0.83+0.31 1.33£0.42 2.67+0.42 0.33+0.21 0.17+£0.17  800%1.50
InSurE 0.33+£0.212 0 (0% 1.00+0.37 1.17+0.172 0 0 2.60+0.62*
NebSurf 0.83+0.31 0 0.50+0.50 0.67+0.49 1.33+0.422 017+0.17 017017  3.67%£1.80
Total nCPAP 161£0.16 03+0.3 094+0.19 1.67+£0.29 228+0.21 0.566+0.20 044+0.14  7.83%0.71
InSure 0.83+£0.20° 0 0.11+0.08* 1.06+0.28 1.33+0.182 0.05+0.05* 0.11+£0.07=  350%+0.56*
NebSurf 0.66+0.182 0 027+0.172 0.61+0242 1.11+£0.232 0.05+0.06* 0.11+£0.07% 2.83%0.78%

InSurE = intubation surfactant extubation, NCPAP = nasal continuous positive airway pressure, NebSurf = nebulized surfactant.

2p < 0.05 vs nCPAP group.
5p < 0.05 vs InSurE group.
Statistical differences were assessed using Wilcoxon nonparametric test.

Lung Injury. At 72 hours, total lung injury scores were
lower in both InSurE and surfactant nebulization groups than
the nCPAP alone group. Furthermore, both types of surfactant
treatment were associated with significantly less atelectasis,
edema, alveolar inflammation, and alveolar-interstitial hemor-
rhage (Table 2 and Fig. 2 A-C).

Intrapulmonary Shunt and Hemodynamic
Assessment

BAL produced an abrupt increase in Qs/Qt (Fig. 34). Surfac-
tant administration using the InSurE technique or nebuliza-
tion was associated with rapid improvements in Qs/Qt during
the first 6-12 hours after the procedure. These improvements

Critical Care Medicine

were sustained over time, the values remaining significantly
lower than those in the nCPAP group.

No significant changes in MABP were observed after BAL
(Fig.3B), while the HR rose (Fig. 3C). Only transient differences
were observed in MABP between groups (values remaining in
the physiologically normal range) throughout the follow-up.

Cerebral Assessment

There were no significant differences in the concentration
of S100 and NSE proteins in cerebrospinal fluid between the
nCPAP (S100: 2.2+0.7 pg/L; NSE: 5.3+ 1.0 png/L) and surfac-
tant-treated groups (InSurE:S100: 2.1+0.7 pg/L; NSE: 3.5£0.8
pg/L; NebSurf:S100: 2.0+0.4 pg/L; NSE: 3.5+£0.8 pg/L). All
e527
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similar pulmonary, hemody-
namic, and cerebral behavior
and lung histological findings
to that in the InSurE group
but lower lung inflammation
scores.

In view of the comorbidities
(airway obstruction, hypoxia,
bradycardia, blood pressure
fluctuation) associated with
the currently approved way of
administering surfactant (in-
tubation, surfactant bolus and

mechanical ventilation), in ne-
onatal ICUs, there has been a
notable trend toward a greater
use of noninvasive ventilation
such as nCPAP, combined with
InSurE or less invasive surfac-
tant administration techniques
(1, 2, 25). Nonetheless, all of
these approaches require in-
strumentation of the airway
and still carry the risk associ-
ated with instillation of a fluid

bolus into the trachea.

Despite the promising
findings of the first study
using nebulized surfactant
within an incubator (26), over
the years, mixed results of sur-
factant nebulization during
nCPAP have been observed,
in terms of clinical response
and surfactant distribution in
human (3, 11-14) and animal
(4-10) studies. The reasons
for the discrepancies between

Figure 2. Photomicrographs (200x magnification) of representative lung sections from nasal continuous positive
airway pressure (nCPAP) (A) nCPAP-intubation surfactant extubation (InSurE) (B), and nCPAP-nebulized
surfactant (NebSurf) (C) groups and representative brain section from nCPAP (D), nCPAP-InSurE (E), and nCPAP-
NebSurf (F) groups. Panels were obtained from the middle region of the lung and the striatum region of the brain.

groups studied obtained low brain injury scores, with similar
hemorrhage, inflammation, and infarction scores in all regions
studied (Fig. 2 D-F and Supplemental Table 2, Supplemental
Digital Content 2, http://links.Iww.com/CCM/F432).

DISCUSSION

We have been able to demonstrate in our spontaneously breath-
ing newborn piglet model of surfactant-deficient lung injury,
that the eFlow Neos nebulizer is safe and able to produce a clin-
ically relevant improvement in oxygenation and lung function.
Furthermore, we observed a reduction in the risk of nCPAP
failure in the first 72 hours after surfactant treatment, with
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studies are likely related dif-
ferences in the nebulizers
used, as well as in the surfac-
tant dosage and composition,
among other factors.

The eFlow-Neos nebulizer (Pari Pharma) has been designed
to enhance the delivery of surfactant to the neonatal respiratory
system and nebulize surfactant without denaturing the pro-
tein. First, this vibrating membrane nebulizer is portable and
simple to use, avoids surfactant aerosol dilution, and reduces
the residual volume in the device (27). Second, it has been pre-
viously shown to nebulize surfactant at an appropriate particle
size (2.5-3.5 pm) capable of penetrating deep into the distal
airways (15-17). Third, high lung delivery efficacies of greater
than 14% have been observed “in-vitro”, and in animal models
(15, 16, 28), these findings suggesting that, in our study, at least
48 mg/kg of nebulized surfactant reached the distal airways.
Finally, after nebulization, surfactant was found to maintain
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Figure 3. Changes in intrapulmonary shunt (Qs/Qt), arterial blood pressure (MABP), heart rate (HR), and carotid blood flow (D) in newborn piglets with
surfactant deficient lung injury treated with nasal continuous positive airway pressure (n\CPAP) without or with surfactant treatment, using the intubation
surfactant extubation (InSurE) method or nebulized surfactant (NebSurf) over the 72-hr experimental period. Mean Qs/Qt (A) MABP (B) and mean HR (C)
values in the nNCPAP (black square), nCPAP-InSurk (white square), and nCPAP-NebSurf (white circle) groups. (&) p < 0.05 versus basal point, (*) p < 0.05
versus NCPAP group (one-way analysis of variance). Values are mean + sem. BAL = bronchoalveolar lavage, BASAL = baseline point, ST = stabilization.
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its biological activity (17, 18). All the aforementioned studies
suggest that it is a promising innovative approach for effective
delivery of nebulized surfactant in neonates.

This longer term study has provided for the first time ev-
idence that in a clinically relevant time frame, all pulmonary
outcomes are better in spontaneously breathing newborn pig-
lets with BAL-induced RDS treated with nebulized poractant
alfa 400mg/kg than inuntreated controls, the improvements
being in line with those observed after surfactant administra-
tion using the InSurE method. Furthermore, surfactant neb-
ulization and administration using the InSurE method were
associated with a 50% lower risk of respiratory failure (requir-
ing intubation and mechanical ventilation) in the first 72
hours after surfactant treatment than nCPAP alone. Although
nCPAP is effective in the treatment of RDS, despite early use
of nCPAP, reintubation and mechanical ventilation have been
found to be needed due to treatment failure in approximately
25%-50% of neonates with RDS (29). In line with this, in our
study, 50% of the animals treated with nCPAP alone had to be
reintubated, whereas none of the animals treated with surfac-
tant needed reintubation.

Our results are in consistent with findings of the random-
ized controlled trial of Minocchieri et al (3); in that, these
authors showed that early postnatal surfactant nebulization
may reduce the need for intubation in the first 3 days of life
compared with nCPAP alone in premature infants with mild
RDS. Unlike in our study, Minocchieri et al (3) did not observe
a positive effect on intubation rate in premature infants with
moderate RDS. The discrepancies between the studies could be
explained by two factors, namely, differences in surfactant dos-
age (20 vs 400 mg/kg) and nCPAP interface (face mask vs bina-
sal prongs) during surfactant nebulization. Furthermore, for a
vibrating membrane nebulizer, the nebulizer should be placed
adjacent to the patient airways to avoid dead space and dilution
effects (27). In our study, the administration of a high dose
of nebulized surfactant (400 mg/kg) and reduction of dead
space (binasal prongs and correct nebulizer placement) (15)
may have increased the surfactant lung deposition, making it
possible to achieve improvements in the moderate RDS devel-
oped in our surfactant-depleted newborn piglets. Nonetheless,
nebulization was associated with a transient increase in Paco,
in a third of the piglets (attributable to nebulizer placement
requiring disconnection/connection of ventilation), although
values recovered over the first 15-30 minutes of nebulization
(3, 15). No other significant changes in MABP, HR, or arterial
oxygen content were observed during the nebulization or at
any other point during the experiment.

Although our study was not designed to evaluate surfactant
distribution in the lung, significantly lower total lung injury
scores were observed after surfactant administration using a
eFlow-Neos nebulizer (Pari Pharma), and this may be related
larger surfactant pool sizes and a different pattern of surfac-
tant distribution (15, 16). A previous study using this nebulizer
(30) concluded that at 1 hour after surfactant nebulization, a
similar amount of surfactant was distributed to different lung
lobes. Our lower total lung histological scores in upper and
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middle regions may suggest that those regions of the lung re-
ceived the highest proportion of the nebulized surfactant, but
this needs to be confirmed in studies specifically designed
to assess the pulmonary distribution of nebulized surfac-
tant in patients with RDS. A benefit of nebulized surfactant
is also observed when the level of lung inflammatory factors
is assessed, with lung IL1-B and IL-8 levels being significantly
lower than those observed with nCPAP alone. Natural surfac-
tants have been described to have anti-inflammatory proper-
ties (31). In our study, lung IL-8 and IL-1B levels fell when
surfactant was administered using the InSurE method, but
the differences did not reach significance. Nonetheless, when
poractant alfa was nebulized, we observed a significant reduc-
tion in those inflammatory markers. It could be hypothesized
that this effect is related to a better surfactant distribution in
the lung or that the nebulization process in some way improves
the biological activity of surfactant, minimizing the initiation
and progression of lung inflammation.

Another important consideration is the effect of the use of
new respiratory technology at birth on other organ systems, es-
pecially the brain (32), seeking to avoid ventilation-induced lung
injury and its effect on systemic brain inflammation and injury,
due to hemodynamic instability and a localized cerebral inflam-
matory response (33). In our study, neither of the surfactant ther-
apies used was observed to have any clinically significant effects
on brain injury score or brain-specific protein levels, confirming
the safety of this new way of administering surfactant.

Limitations of this study include the use of newborn piglets
(2—4 d) rather than premature animals. The use of noninvasive
support such as nCPAP using premature lambs remains compli-
cated, and the pulmonary outcomes after surfactant treatment
in combination with nCPAP are difficult to interpret due to
the high variability in response to nCPAP and surfactant (30).
Surfactant washout lavage models have frequently been used in
adult and juvenile animals to implement successful animal mod-
els in the context of RDS (19, 33, 34). The newborn piglet model
was chosen because the brain maturation, lung volume, and
birth weights resemble those of newborn infants. Although, in
our 72-hour study, neither of the surfactant therapies used was
observed to have effects on brain injury score or brain-specific
protein levels, longer periods of time (weeks) may be needed to
detect brain disease, such as periventricular leukomalacia.

CONCLUSIONS

Nebulization delivery of poractant alfa at a dose of 400 mg/kg
using eFlow-Neos nebulizer (Pari Pharma), specifically designed
for surfactant administration in neonates, is a safe and effective
approach for relieving surfactant-deficiency in newborn piglets
with RDS supported with nCPAP, improving the pulmonary
outcomes, and reducing the risk of nCPAP failure in the first 72
hours after treatment, outcomes being similar to those with ad-
ministration of surfactant using the InSurE method. Further-
more, there is immunologic evidence of less lung injury with
the administration of nebulized surfactant. These findings will
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be verified by a randomized controlled trial in spontaneously
breathing newborn infants currently ongoing (NCT03235986).
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