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Objectives: The current clinical treatment of neonates with respira-
tory distress syndrome includes endotracheal intubation and intratra-
cheal instillation of exogenous surfactant. Nebulization of surfactant
offers an attractive alternative. The aims of this study were to test
nebulization as a noninvasive method of administering surfactant
and determine the optimal dose for the treatment of respiratory dis-
tress syndrome-associated pathophysiology of the neonatal lungs.
Design: Prospective, randomized, animal model study.

Setting: An experimental laboratory.

Subjects: Thirty-six newborn piglets.

Interventions: Different doses (100, 200, 400, and 600 mg/kg) of
poractant alfa were administered via a vibrating membrane neb-
ulizer (eFlow-Neos; Pari Pharma GmbH, Starnberg, Germany) or
a bolus administration using the intubation—surfactant—extubation
(Insure) technique (200 mg/kg) to spontaneously breathing new-
born piglets (n = 6/group) with bronchoalveolar lavage—induced
respiratory distress syndrome during nasal continuous positive
airway pressure (180 min).

Measurements and Main Results: Pulmonary, hemodynamic, and
cerebral effects were assessed. Histologic analysis of lung and
brain tissue was also performed. After repeated bronchoalveolar
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lavage, newborn piglets developed severe respiratory distress
syndrome. Rapid improvement in pulmonary status was observed
in the Insure group, whereas a dose-response effect was observed
in nebulized surfactant groups. Nebulized poractant alfa was more
effective at doses higher than 100 mg/kg and was associated with
similar pulmonary, hemodynamic, and cerebral behavior to that in
the Insure group, but improved lung injury scores.

Conclusions: In newborn piglets with severe bronchoalveolar
lavage—induced respiratory distress syndrome, our results dem-
onstrate that the administration of nebulized poractant alfa using
an investigational customized eFlow-Neos nebulizer is an effective
and safe noninvasive surfactant administration technique. (Pediatr
Crit Care Med 2020; 21:¢456-e466)

Key Words: brain; dose-response; nasal continuous positive airway
pressure; nebulization; respiratory distress syndrome; surfactant

n neonatal ICUs (NICUs), the techniques for surfactant

administration have changed greatly in recent years. Less

invasive modifications of the intubation—surfactant—
extubation (Insure) method for delivering surfactant to avoid
even brief intubation and mechanical ventilation have been
evaluated seeking to reduce intubation-related complications
and improve the success of nasal continuous positive airway
pressure (nCPAP) after surfactant administration (1). These
modifications include the less invasive surfactant administra-
tion (LISA) method using an intratracheal surfactant instilla-
tion with the help of a thin catheter (e.g., nasogastric tube or
vascular catheter), nebulized administration, pharyngeal ad-
ministration, or laryngeal mask airway-guided administration
(2-5). Among them, nebulized surfactant seems to be the least
invasive means of administering surfactant, avoiding the risks
associated with bolus fluid instillation into the trachea (tran-
sient airway obstruction, surfactant administration to a single
lung, hemodynamic imbalance, etc) when the Insure or LISA
approaches are applied (3, 4). Although preclinical and clinical
studies using nebulized surfactant have been inconclusive, this
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is attributable to the use of different types of nebulizer and
surfactant (with differing physical characteristics), as well as
varying dosages, among other factors, and overall, the treat-
ment appears to be safe and well tolerated (6-17).

A new device based on vibrating membrane technology
(eFlow-Neos Nebulizer; Pari Pharma GmbH, Starnberg,
Germany) has been miniaturized for use in premature and term
neonates and is able to deliver considerably high doses of surfac-
tant to the lungs (17-19). Furthermore, although it seems that
the ultrastructure of poractant alfa changed immediately after
nebulization, this alteration was transient and initial biophysical
and ultrastructural properties were reinstated soon after surfac-
tant nebulization (20), and in line with this its clinical effects
were maintained (17, 19). Nonetheless, no studies have evalu-
ated the optimal dose using eFlow-Neos nebulizer in a neonatal
model, or explored the effects that this new surfactant adminis-
tration technique may produce in the neonatal brain.

We hypothesized that the combination of nCPAP and nebu-
lized surfactant, using an investigational customized eFlow-Neos
nebulizer, would improve the clinical response in a dose-depen-
dent way. The aims of this study were to test nebulization with
this device as a noninvasive method of administering surfactant
and to determine the optimal dose for the treatment of neonatal
respiratory distress syndrome (RDS). To this end, we assessed
the impact of different doses of nebulized surfactant on gas ex-
change, hemodynamic parameters, oxygen metabolism, and
lung and brain injury scores in spontaneously breathing new-
born piglets, with bronchoalveolar lavage (BAL)-induced RDS.

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 Institute.

First, 2- to 4-day-old newborn piglets were sedated with
an IM injection containing ketamine (15mg/kg), diazepam
(2mg/kg), and atropine (0.05mg/kg) and anesthetized with
sevoflurane (2-3%). A cuffed endotracheal tube (ET) (3.0 mm
inner diameter [ID]; Well Lead Medical, Panyu, Guangzhou,
China) was inserted and connected to a positive pres-
sure ventilator (Carescape R860; Datex-Ohmeda, Madison,
WI) with the following initial settings: Fio, = 0.21-0.28,
respiratory frequency (f,) = 28 breaths/min, positive end-
expiratory pressure (PEEP) = 3cm H,O, and positive inspir-
atory pressure (PIP) = 9-11cm H,O to obtain a tidal volume
(V,) = 8-10mL/kg.

An arterial catheter was inserted into the femoral artery to mon-
itor 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 to maintain hydration (5mL/kg/hr) and for obtaining ve-
nous blood samples. Blood flow in the right common carotid was
measured by an ultrasonic flow probe (Transonic Systems, Ithaca,
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NY), as a proxy for cerebral blood flow. Rectal temperature was
maintained between 38°C and 39°C with heating lamps.

Lung Injury and Study Design

Surfactant-deficient lung injury was achieved by repetitive sa-
line lavage (30mL/kg; 37°C with Fio,, 1) (21, 22). Taking into
account that lung injury by saline lavage reduces the surfactant
lipid concentration in alveolar lining fluids, decrease lung com-
pliance, impair gas exchange, and facilitates alveolar collapse,
after the first BAL procedure, the PEEP was increased to 5cm
H,O in order to keeping the lungs open, enabling all areas of
the lungs to undergo gas exchange. At the end of the BAL pro-
cedure, positive pressure ventilation settings were Fio, equals
to 1.0, PEEP equals to 5cm H, O, and fR and PIP were adjusted
to a maximum of 42 breath/min and 25cm H,0, to maintain
V. equals to 8-10mL/kg, to avoid barotrauma. Lavage proce-
dures were repeated at 5-minute intervals until Pao, less than
100mm Hg was obtained. If animals continued to show severe
respiratory failure (Pao, < 100mm Hg) after 30 minutes of sta-
bilization on positive pressure ventilation, all newborn piglets
received an IV bolus dose of 20 mg/kg of caffeine citrate (Peyona
20 mg/mL; Chiesi Farmaceutici, Parma, Italy) to stimulate spon-
taneous breathing. Tightly fitting short binasal prongs (made by
cutting and joining two pieces of ET, with an ID of 3-5mm and
length of 4cm, matched to the size of our piglets’ nasal orifice)
were placed in all animals. Once spontaneous breathing was es-
tablished, in a supine position, newborn piglets with surfactant-
deficient lung injury were randomly assigned using a sealed
envelope system to one of the following groups:

- nCPAP group (n = 6): once spontaneous breathing was
established, the ET was removed and the piglets were
maintained on nCPAP for 180 minutes, without surfac-
tant treatment.

nCPAP-Insure (Insure) group (7 = 6): once spontaneous
breathing was established, piglets (which were not extu-
bated) received 200 mg/kg of poractant alfa (Curosurf;
Chiesi Farmaceutici, Parma, Italy) although the ET. Im-
mediately, after that, the ET was removed and the piglets
were maintained on nCPAP for 180 minutes.
nCPAP-nebulized surfactant (NS) groups (n = 6 per
group): once spontaneous breathing was established, the
ET was removed and the piglets received different doses
nebulized of poractant alfa: 100 mg/kg (NS100), 200 mg/
kg (NS200), 400 mg/kg (NS400), or 600 mg/kg (NS600)
using an investigational customized vibrating membrane
nebulizer (eFlow-Neos; Pari Pharma, Munich, Germany)
which was placed between the prongs and the connection
to the nCPAP circuit. After the end of surfactant nebuli-
zation, the nebulizer was immediately removed, and ani-
mals were maintained on nCPAP for 180 minutes.

The level of nCPAP was set at 5cm H,O with a flow of 3L/
min in all animals during the experimental period. The Fio,
value was adjusted taking into account the pulmonary status
(monitoring Pao,) of each animal at each moment of the study,
seeking to maintain Pao, values between 80 and 100 mm Hg.
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Physiologic Measurements

In all randomized newborn piglets with BAL-induced RDS, all
physiologic measurements were obtained immediately after the
induction of anesthesia, after surgery, upon intubation at base-
line (basal values), immediately after inducing RDS by BAL, and
to confirm the respiratory failure, after the stabilization period
following the insult (30min of stabilization on conventional
mechanical ventilation). All physiologic parameters were also
measured immediately after extubation, during nCPAP 15 and
30 minutes after the start of nCPAP, and then every 30 minutes
until the end of the experiment, at 180 minutes. Specifically,
the following parameters were measured or calculated (Sup-
plemental Fig. 1, Supplemental Digital Content 1, http://links.
lww.com/PCC/B268; legend, Supplemental Digital Content 4,
http://links.Iww.com/PCC/B271) in all randomized animals:

- Arterial pH, Pao,, Paco, and base excess, lactic acid, and
glucose (GemPremier4000; Instrumentation Laboratory,
Lexington, MA);

- Pao,/Fio, ratio;

- Hemodynamic parameters: HR, MABP, and carotid
blood flow;

- Oxygen metabolism and intrapulmonary shunt: ox-
ygen delivery (OD), oxygen consumption (Vo,), and
intrapulmonary shunt (Qs/Qt) (IntelliVue Monitor;
Philips Medical System, Eindhoven, The Nether-
lands). The Qs/Qt values were calculated as follows:
Qs/Qt (%) = 100 x (134 x Hb + 0.0031 x Pao, Cao,)/

(134 x Hb + 0.0031 x Pao, Cvo,)

where Pao, = Fio, X (Patm—47) x Paco,; Hb: hemo-
globin (g/dL); Cao,: arterial oxygen content; and Cvo,:
mixed venous oxygen content.

Airway flow, mean airway pressure, and V., monitored
with a flow sensor connected to the ET, whereas values
of lung mechanics were measured with a computerized
system (M1014A; Philips Medical System) in the time
intervals in which animals were intubated. The analyzer
reported values for dynamic compliance (C dyn), V,,and
airway resistance at baseline, after the BAL-induced sur-
factant depletion, and after 30-minute stabilization of
BAL-induced RDS. After 30 minutes of stabilization,

all animals were extubated. During nCPAP treatment,
lung mechanics cannot be measured. So that only with
the objective to assess the effect of surfactant treatment
on lung mechanics at the end of the follow-up period
(at the end of the 3-hr experimental period), all studied
animals were reintubated, connected to mechanical ven-
tilation (using the same settings as at baseline), and lung
mechanics were measured (Supplemental Fig. 1, Sup-
plemental Digital Content 1, http://links.lww.com/PCC/
B268; legend, Supplemental Digital Content 4, http://
links.lww.com/PCC/B271).

>

Lung Tissue Analysis
Postmortem, the lungs were removed and perfused with sa-
line. The left lung was isolated, occluded, placed into liquid
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nitrogen, and stored at —80°C until use in biochemical analysis.
Two different samples (ventral and dorsal) from the cranial,
middle, and caudal lobes of the right lung were fixed in 4% for-
malin at 15cm H,O for histologic analysis by a person blinded
to the study.

Frozen lung samples were used for measurements of inter-
leukin-8, interleukin-1B, and tumor necrosis factor (TNF)-a
concentration using specific enzyme-linked immunosorbent
assay kits for porcine interleukins (Abnova, Tapei City, Taiwan).
Furthermore, enzyme activities were measured with enzyme
assays, specifically catalase assays measuring the reduction of
oxygen peroxide (H,0,) to H,O (23), where one unit of cata-
lase is defined as the amount of enzyme needed to react with 1
umol of H,O,/min and superoxide dismutase assays (Cayman
Chemical, Ann Arbor, MI), whereas protein concentration
was determined by the Bradford method (Bio-Rad, Hercules,
CA) (24). On the other hand, slides from each 5-pm section
cut from the formalin-fixed tissue were stained with hema-
toxylin-eosin and analyzed with light microscopy. Lung injury
was scored by a pathologist blinded to treatment group using
a semi-quantitative scoring system. Pathologic signs of lung
injury (atelectasis, alveolar and interstitial inflammation, al-
veolar and interstitial hemorrhage, edema, and necrosis) were
each scored on a 0- to 4-point scale: 0 corresponding to no
injury; 1, 2, and 3 to injury to 25%, 50%, and 75% of the field,
respectively; and 4 to injury across the field (22, 25).

Brain Tissue Analysis

To perform histologic analysis, the brain was fixed (4% for-
malin) and divided into cortex, inner regions (striatum, thal-
amus, and hippocampus), and cerebellum and brainstem. A
total of 20 fields were analyzed with light microscopy. Patho-
logic features of brain injury (necrosis, inflammation, hem-
orrhage, edema, and infarction) were each scored on a 0- to
3-point scale: 0 corresponding to no injury; and 1, 2, and 3 to
injury to mild, moderate, and severe injury across the field. The
presence of more than five necrotic cells/field was considered
to indicate neuronal necrosis (score range, 0-20) (26).

Statistical Analysis

Values are expressed as mean * seM. Results were assessed
using Levene test to confirm the homogeneity of variance be-
tween the different treatments and the Kolmogorov-Smirnoft
test for normality (JMPS8; Statistical Discovery, SAS, NC).
Results related to gas exchange, hemodynamic parameters,
oxygen metabolism, and lung mechanics were analyzed using
one- and two-way analysis of variance as a function of group
and time of repeated measures. Lung biochemical results and
injury score and Brain Injury Score were analyzed using the
nonparametric Wilcoxon test. A p value of less than 0.05 was
considered significant.

RESULTS

The 36 newborn piglets from different litters randomized to
one of the study groups were similar in age (4+1 d) and size
(2.0£0.1kg). Multiple BALs (range, 10-13) were needed to
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Figure 1. Changes in Pao,/Fio, ratio, dynamic compliance (Cdyn), and Paco, in bronchoalveolar lavage (BAL)-
induced respiratory distress syndrome newborn piglets treated with nasal continuous positive airway pressure
(nCPAP) without or with surfactant treatment, using the intubation—surfactant-extubation (Insure) method or
different doses of nebulized surfactant (NS). Pao,/Fio, (A), Cdyn (B), and Paco, (C) values in the nCPAP (black
square), Insure (white square), NS100 (black triangle, continuous line), NS200 (white triangle, continuous
line), NS400 (white triangle, dotted line), and NS600 (black triangle, dotted line) groups. *p < 0.05 versus
baseline, °p < 0.05 versus nCPAP group, and p < 0.05 versus Insure group (one-way analysis of variance
[ANOVAY)); ¢p < 0.05 versus nCPAP group and ¢p < 0.05 versus Insure group (two-way ANOVA). Values are
mean * sem. BASAL = baseline point, ST = stabilization.
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induce the targeted extent of
severe lung injury (as indicated
by Pao, < 100mm Hg; nCPAP:
68+ 7mmHg;Insure:68 £ 6mm
Hg; NS100: 60+3mm
Hg; NS200: 64+3mm Hg;
NS400: 588 mm Hg; NS600:
62+4mm Hg), no significant
differences being observed be-
tween groups in age, size, the
number of BALs required, or in
the amount of BAL recovered
(being higher than 92% in all
groups). The total number of
piglets used in this study was 48,
but 12 animals died before ran-
domization, in the process of
inducing severe BAL-induced
RDS (Pao, < 100mm Hg). This
indicates that our BAL-induced
RDS model has a mortality rate
of 25%.

The mean surfactant nebu-
lization times per group were
as follows: 13+ 1,22+2,52+6,
and 713 minutes in NS100,
NS200, NS400, and NS600
groups, respectively.

Pulmonary Outcomes
Gas Exchange and Lung Me-
chanics. All animals had sim-
ilar pH, Pao_/Fio,, Paco,, and
C 4 Parameters at baseline,
after induction of surfactant-
deficient lung injury, and after
30 minutes of stabilization
(Supplemental Table 1, Sup-
plemental Digital Content 2,
http://links.lww.com/PCC/
B269; and Fig. 1), with no sig-
nificant differences between
groups. BAL produced (Fig.
1A), Cdyn (Fig. 1B), and pH
(Supplemental Table 1, Sup-
plemental Digital Content 2,
http://links.Iww.com/PCC/
B269) along with a significant
increase in Paco, (Fig. 10),
indicating severe RDS.
Pao,/Fio, ratio, Paco,, pH,
and Fio, values improved more
rapidly in the Insure group than
in the nCPAP group (Fig. 1;
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TABLE 1. Lung Biochemical Analysis in Newborn Piglets With Bronchoalveolar
Lavage-Induced Respiratory Distress Syndrome Treated With Nasal Continuous Positive
Airway Pressure Without or With Surfactant Treatment, Using the Intubation-Surfactant-
Extubation (Insure) Method or Different Doses (100, 200, 400, or 600 mg/kg) of Nebulized

Surfactant

Superoxide Dismutase
Enzyme Activity

Catalase Activity

Interleukin-8 TNF-a

Interleukin-18

(U/mg protein)

Nasal continuous positive airway 24+8
pressure

Intubation—surfactant—extubation 12+£2
(Insure)

NS100 10+1

NS200 12+2

NS400 18+3

NS600 22+4

(nmol/protein/min) (pg/mg protein) (pg/mg protein) (pg/mg protein)

580+ 168 101£23 37+9 500+ 1565
517117 64+12 32+6 441+130
364+18 54+12 4114 360+£33
277148 85+ 11 29+9 525+82
1751592 787 91320 509+56
362+108 99+17 16£32° 44084

Significant differences indicated by: #p < 0.05 vs intubation—surfactant-extubation (Insure) group; and °p < 0.05 vs nasal continuous positive airway pressure

group were detected using analysis of variance.
Values are expressed as mean & sewm.

Supplemental Table 1, Supplemental Digital Content 2, http://
links.lww.com/PCC/B269). At the end of the experimental pe-
riod, RDS resolved in the Insure group (being Pao,/Fio, ratio >
350 mm Hg), whereas animals in the nCPAP group continued to
show mild to moderate RDS (being Pao_/Fio, ratio < 250mm
Hg). The administration of 200 or 400 mg/kg of nebulized sur-
factant produced a significant improvement in the values of these
parameters, in line with the changes in the Insure group, whereas
the administration of 100 or 600 mg/kg of nebulized surfactant
did not achieve the same degree of improvement in Pao,/Fio,
ratio, pH, and Fio, values as in the Insure group. At least, two

animals in each nebulized group had a Paco, of 55mm Hg or
more during the nebulization period.

Regarding C, , in almost all of the surfactant-treated
groups, it recovered to or close to baseline (100%, 89%, 87%,
and 82% in the Insure, NS200, NS400, and NS600 groups, re-
spectively), being C, ' recoveries significantly compared with
nCPAP group. However, only around 60% of C 4yn TECOVETY Was
observed with nCPAP alone and 65% in the NS100 group (Fig.
1B), no significant differences observed between groups. No
significant differences were observed between groups in V. or
resistance parameters (data not shown).

TABLE 2. Total Lung Injury Scores in Newborn Piglets With Bronchoalveolar

Lavage-Induced Respiratory Distress Syndrome Treated With Nasal Continuous Positive
Airway Pressure Without or With Surfactant Treatment, Using the Intubation-Surfactant-
Extubation (Insure) Method or Different Doses (100, 200, 400, or 600 mg/kg) of Nebulized
Surfactant

Interstitial Alveolar N EISE]
Inflammation Inflammation Hemorrhage Hemorrhage

Alveolar

Atelectasis Necrosis Edema Total

Nasal continuous 1.33+0.36 0 0.75+025 058+026 150+£042 1.00£028 025+0.13 542+1.36
positive airway
pressure
Intubation—surfactant— 0.33+0.14= 0 0.08+£0.08* 0.67+£0.22 1.17+£0.242 0.08+0.08 0.33+0.14 2.67+0.532
extubation (Insure)
NS100 0.73+0.14= 0 0= 0.33+0.2 061+0.162 0= 0zb 1.67+0.572
NS200 096+0.19 0.11+£0.11 0.28+0.14= 056+0.18 089+0.20 0.06+0.06* 0.11£0.11 2.96+0.602
NS400 0.28+0.11= 0 0= 0.39+0.14 056+0.18% 0.06+0.06* 0.06+0.06° 1.33+0.292°
NS600 0.56+0.182 0 0.06+0.067 0zb 0.72+0.162 0= 0.11+£0.08 1.44+0.262°

Significant differences indicated by: 2p < 0.05 vs nasal continuous positive airway pressure group; and ®p < 0.05 vs intubation—surfactant—extubation (Insure)
group were detected using analysis of variance.

Values are expressed as mean SEM.
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F, remained high during the first 30-60 minutes of surfac-
tant treatment in all surfactant-treated groups (Supplemental
Table 1, Supplemental Digital Content 2, http://links.lww.com/
PCC/B269). Furthermore, in the nCPAP group, changes in f,
were observed from time to time due to transient episodes of
apnea (which did not require stimulation and were not associ-
ated with important changes in pH, Pao,, or Paco,).

Lung Inflammatory Markers. Table 1 shows the antioxi-
dant enzyme activity and the concentrations of the acute phase
cytokines interleukin-8, interleukin-1f3, and TNF-o measured
in lung homogenate. After 3 hours of ventilation with nCPAP,
all surfactant-treated groups showed no significant reductions
in lung antioxidant enzyme activity and cytokine levels. Fur-
thermore, all but the lowest doses of surfactant nebulization
(i.e., doses of 200, 400, and 600 mg/kg) were associated with

Online Laboratory Investigations

a significant reduction in lung catalase activity and/or TNF-a
level, but only the 400 mg/kg dose was associated with signifi-
cant reductions in both lung markers.

Lung Injury. All surfactant-treated groups obtained sig-
nificant lower total lung injury scores than the nCPAP group.
Furthermore, there was significantly less edema and alveolar
hemorrhage in all nebulized surfactant groups than in the
nCPAP group. Overall, the highest doses of surfactant neb-
ulization (400 and 600 mg/kg) were associated with signifi-
cant lower total lung injury scores than the Insure treatment
(Table 2 and Fig. 2).

Intrapulmonary Shunt and Oxygen Transport

BAL produced a significant increase in Qs/Qt values (Fig. 3A4),
with no significant changes in any of the systemic oxygen me-
tabolism parameters (Supple-

A B

mental Table 1, Supplemental
Digital Content 2, http://links.
Iww.com/PCC/B269). Three
hours of nCPAP ventilation
without surfactant treatment
was not associated with sig-
nificant changes in OD or Vo,
(Supplemental Table 1, Sup-
plemental Digital Content 2,
http://links.lww.com/PCC/
B269), whereas Qs/Qt grad-
ually improved over time, al-
though not reaching baseline
(Fig. 3A). When surfactant was
administered, Qs/Qt recovered
to baseline values in Insure,
NS200, and NS400 groups
after 2 hours of treatment (Fig.
3A), but not in the NS100 and
NS600 groups.

Furthermore, the combi-
nation of surfactant therapy
(Insure and NS400) with
nCPAP ventilation was asso-
ciated with significant higher
OD values than nCPAP
alone (Supplemental Table I,
Supplemental Digital Content
2,  http://links.lww.com/PCC/
B269). The nebulization of 200
or 400mg/kg of surfactant was
associated with an increase in
Vo, values that lasted for less
time than that observed in the
Insure group.

Hemodynamic

Figure 2. Photomicrographs (x200 magnification) of representative lung sections from nasal continuous
positive airway pressure (A), intubation—surfactant—extubation (Insure) (B), nebulized surfactant (NS) 100 (C),
NS200 (D), NS400 (E), and NS600 (F) groups. Panels were obtained from the middle region of the lung.
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Assessment
At baseline, there were no dif-
ferences between groups in the
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Cerebral Evaluation
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80 3 values decreased, carotid blood
flow increased significantly in
70 1 all groups after the BAL pro-
60 - cedure (Fig. 3B) in order to
§ maintain cerebral oxygena-
=50 1 tion. The nCPAP strategy with
-g. 40 - or without surfactant admin-
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jury, that the investigational
customized eFlow-Neos Nebu-

Figure 3. Changes in intrapulmonary shunt (Qs/Qt) and carotid blood flow (D) in bronchoalveolar
lavage (BAL)-induced respiratory distress syndrome newborn piglets treated with nasal continuous
positive airway pressure (nCPAP) without or with surfactant treatment, using the intubation—surfactant—
extubation (Insure) method or different doses of nebulized surfactant (NS). Mean Qs/Qt (A) and mean
carotid blood flow (B) values in the nCPAP (black square), Insure (white square), NS100 (black triangle,
continuous line), NS200 (white triangle, continuous line), NS400 (white triangle, dotted line), and
NS600 (black triangle, dotted line) groups. 2p < 0.05 versus baseline; °p < 0.05 versus nCPAP group
(one-way ANOVA); ‘p < 0.05 versus nCPAP group. Values are mean £ sem. BASAL = baseline point,

ST = stabilization.

hemodynamic parameters studied. No significant changes in
MABP were observed after BAL (Supplemental Fig. 2A, Sup-
plemental Digital Content 3, http://links.lww.com/PCC/B270;
legend, Supplemental Digital Content 4, http://links.lww.com/
PCC/B271), whereas the HR rose significantly (Supplemental
Fig. 2B, Supplemental Digital Content 3, http://links.lww.com/
PCC/B270; legend, Supplemental Digital Content 4, http://
links.lww.com/PCC/B271). During the study period, MABP
and HR were significantly higher in animals in Insure and
most NS (200, 400, or 600 mg/kg) groups than in those given
nCPAP alone.
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lizer is safe and able to produce a
clinically relevant improvement
in physiologic parameters like
oxygenation and lung function.
Furthermore, a dose-response
effect was observed in the nebu-
lized groups, nebulized surfac-
tant being more effective at doses
higher than 100mg/kg, these
groups showing similar pulmonary, hemodynamic, and cerebral
behavior to the Insure group, with lower lung injury scores.

In many hospitals, the procedure for surfactant administra-
tion for the treatment of neonatal RDS requires endotracheal
intubation, bolus surfactant administration, and mechanical
ventilation. Notably, this procedure is not without side effects
(airway obstruction, hypoxia, bradycardia, and blood pressure
fluctuation, among others), and current evidence suggests that
mechanical ventilation of an immature surfactant-deficient
lung is harmful and may exacerbate the development of bron-
chopulmonary dysplasia (27). In view of the comorbidities, in
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TABLE 3. Total Brain Injury Scores in Newborn Piglets With Bronchoalveolar
Lavage-Induced Respiratory Distress Syndrome Treated With Nasal Continuous Positive
Airway Pressure Without or With Surfactant Treatment, Using the Intubation-Surfactant-
Extubation (Insure) Method or Different Doses (100, 200, 400, or 600 mg/kg) of Nebulized

Surfactant

Group Necrosis Edema Inflammation Hemorrhage Infarct

Nasal continuous positive airway 13 (2-20) 0.7 (0-2) 0.4 (0-2) 0 (0-0) 0 (0-0)
pressure

Intubation—surfactant—extubation 10 (1-18)2 0.5 (0-1) 0.4 (0-1) 0 (0-0) 0 (0-0)
(Insure)

NS100 10 (2-20)= 0.4 (0-1) 0.5 (0-1) 0 (0-0) 0 (0-0)

NS200 10 (2-19)= 0.4 (0-1) 0.3 (0-1) 0 (0-0) 0 (0-0)

NS400 9(3-18)* 0.6 (0-1) 0.5 (0-1) 0 (0-0) 0 (0-0)

NS600 10 (4-17)= 0.5 (0-1) 0.5 (0-1) 0 (0-0) 0 (0-0)

The significant difference indicated by: 2p < 0.05 vs nasal continuous positive airway pressure group were detected using analysis of variance.

Values are expressed as mean =+ Sewm.

neonatology practice, there has been a notable trend toward
greater use of noninvasive ventilation such as nCPAP, combined
with LISA based on the Insure strategy or LISA techniques (using
a nasogastric tube or vascular catheter) (1-4). Nonetheless, all of
these approaches require instrumentation of the airway and still
carry the risks associated with bolus fluid instillation into the tra-
chea (transient airway obstruction, surfactant administration to
a single lung, hemodynamic imbalance, etc) (3,4). Furthermore,
if due to the severity of the RDS, the neonate requires mechan-
ical ventilation, it would be necessary to instrument the airways
again to place the ET and set up mechanical ventilation.

Nebulization during nCPAP treatment represents the least
invasive way of administering surfactant, and it has been
explored in small pilot studies in premature infants (13-17),
these indicating the safety and feasibility of the method.
Nevertheless, only two of the studies showed positive effects:
the earliest showed an immediate positive effect on OD (13)
and the most recent reported a reduced need for intubation
in the first 3 days of life (17). The mixed results concerning
clinical response and surfactant distribution observed in clin-
ical (13-17) and animal (6-12) studies are likely due to the use
of nebulizers not specifically designed for the neonatal popu-
lation or to the special physicochemical properties of a com-
pound like surfactant affecting the nebulization.

The new aerosol technology under study, the vibrating
membrane nebulizer, eFlow-Neos, has been designed to en-
hance the delivery of surfactant to the neonatal respiratory
system taking into consideration the particular characteris-
tics of surfactant (lipid-protein composition, high viscosity,
etc). First, this vibrating membrane nebulizer is portable and
simple to use, avoids surfactant aerosol dilution, and reduces
the residual volume in the device (28). Second, it has been pre-
viously demonstrated that it is able to nebulize surfactant at
an appropriate particle size (2.5-3.5 um) (18-20) capable of
penetrating deep into the distal airways (18, 19). Third, high
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distal airways delivery efficacies of greater than 14% have been
observed in “in vitro” (29) and animal models (18, 19). Finally,
although transient alterations in surfactant morphology and
characteristics were observed after nebulization, presumably
after rearranging on a surface, the initial biophysical and ul-
trastructural properties were reinstated (20). In addition to
this, while in surfactant bolus administration, delivered phos-
pholipids should be absorbed or taken up by type II alveolar
epithelium cells, the surfactant delivered by different type
nebulizers (6-20) should undergo a dynamic process to reach
homeostasis over the time of nebulization. All the aforemen-
tioned studies suggest that eFlow-Neos nebulizer is a prom-
ising innovative approach for effective delivery of nebulized
surfactant in neonates.

The present study was designed with the objective of identify-
ing the optimal dose of nebulized surfactant for the treatment of
neonatal RDS. Improvements in oxygenation, intrapulmonary
shunt, and compliance in spontaneously breathing newborn
piglets with surfactant-deficient lung injury treated with 200 or
400 mg/kg of nebulized poractant alfa were observed compared
with outcomes in untreated controls (19). In contrast, nebu-
lization of 100 or 600 mg/kg did not match the improvement
observed in Insure-treated animals, as previously reported (19).
Although other research has demonstrated improved ventila-
tion and lung mechanics, even with minimal deposition in the
lungs (as little as 2—3 mg/kg) (6), the administration of 100 mg/
kg of nebulized surfactant (corresponding to 14 mg/kg, suppos-
ing a lung deposition of approximately 14% of dose) (18, 19,29)
does not seem to be enough to produce a positive clinical re-
sponse. On the other hand, 600 mg/kg of nebulized surfactant
only slightly improved oxygenation, intrapulmonary shunt, and
compliance (19), probably due to the prolonged time that the
nebulizer needs to be in place between the Y-piece of the venti-
lator’s breathing circuit and the nasal prongs (> 1 hr to nebulize
the total dose) which may reduce or delay the clinical response.
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distribution pattern of sur-
factant (18, 19). In particular,
more surfactant may be depos-
ited in lower lung lobes (30),
those which are less developed
in animals and neonates with
RDS (31), during nCPAP sup-
port (32). Overall, our study
suggests that a nominal sur-
factant dose of 400 mg/kg may
be the best of those tested be-
cause it provides a good short-
term pulmonary response (19),
with a reduction in lung mark-
ers and lung injury, and would
help to increase the intrapul-
monary surfactant pool (19).
In line with this, a recent dou-
ble-blind, parallel, stratified,
randomized control trial has
been reported (17), and these
results showed that early post-
natal surfactant nebulization
of 200mg/kg of poractant alfa
may reduce the need for intu-
bation in the first 3 days of life
compared with nCPAP alone
in premature infants with mild
RDS, although no positive
effect was observed in mod-
erate RDS (17). This lack of
response to nebulized surfac-
tant in moderate RDS could be
related to the dose deposited in
the lung (17), and this problem
could be addressed by nebuliza-
tion of higher doses (> 200mg/
kg). One of the benefits of

Figure 4. Photomicrographs (x200 magnification) of representative brain sections from nasal continuous
positive airway pressure (A), intubation—surfactant—extubation (Insure) (B), nebulized surfactant (NS) 100 (C),
NS200 (D), NS400 (E), and NS600 (F) groups. Panels were obtained from the striatum region of the brain.

The continuous nebulization of 600 mg/kg of nebulized sur-
factant may produce surfactant accumulation in the airways,
which would partly explain the impairment in Pao, and Paco,
values during surfactant nebulization (19). Furthermore, after
removal of the nebulizer, pulmonary outcomes started to im-
prove over the course of the experimental period (19), and
hence, it may be the case that with a longer follow-up, this
higher dose would be seen to produce an equivalent response to
that seen with 200 or 400 mg/kg of nebulized surfactant.
Although our study was not designed to evaluate surfac-
tant distribution in the lung, the lower total Lung Injury Scores
and lung biochemical markers observed after natural surfac-
tant administration using an investigational customized eFlow-
Neos nebulizer may result in a better surfactant pool sizes and
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nebulized surfactant is the ex-
pansion of treatment to a wider
range of infants which exhibit
mild RDS symptoms (17).
Those infant may not receive therapeutic surfactant treatments
to avoid potential future complications associated with intuba-
tion, as bronchopulmonary dysplasia. Borderline babies, who
might do well initially, often develop signs of RDS over the next
couple of days and may have a more difficult course because of
delayed surfactant treatment. So that those infants may benefit
from nebulized surfactant treatment, increasing also the hospi-
talization cost savings (fewer days in mechanical ventilation, in
the NICU) with minimal patient handling and disruption (28).

Nebulization was associated with a transient increase in
Paco, in a third of the piglets in each group (secondary to ex-
ternal dead space), but this resolved immediately following
nebulizer removal (17). No other significant changes in MABP,
HR, or systemic oxygen metabolism were observed during the
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nebulization period (17), independent of nebulization group.
Over time, MABP, HR, and OD stayed higher in surfactant-
treated groups than in the nCPAP group, but they remained
within the physiologic range (22).

Another important consideration is the effect of new respi-
ratory technology at birth on other organ systems, especially
the brain. This is of particular importance given that preterm
infants have a significantly higher risk of acute and chronic
brain injury than term infants (33). There is growing evidence
from animal studies that ventilation-induced lung injury leads
to systemic and brain inflammation and injury, due to hemo-
dynamic instability and a localized cerebral inflammatory re-
sponse (34). In our study, neither of the surfactant therapies
used (bolus or nebulizer) was observed to have any significant
clinical effects on carotid blood flow or brain injury score, con-
firming the safety of this new way of administering surfactant.

Limitations of this study include the use of newborn piglets
(2—4 d old) rather than premature animals. The intubated pre-
mature lamb has been the gold standard animal model to study
the pathogenesis and the treatments of neonatal RDS for many
decades; nevertheless, the use of noninvasive support such as
nCPAP using premature lambs remains complicated, and the
pulmonary outcomes after surfactant treatment in combina-
tion with nCPAP are difficult to interpret due to the high vari-
ability in response to nCPAP and surfactant (30). Furthermore,
fetal lamb cerebral development is quite advanced compared
with that in human fetuses (35). Surfactant washout lavage
models have frequently been used in adult and juvenile animals
to implement successful animal models of acute pulmonary
failure in the context of RDS (21, 36, 37). Although, piglets’
nasal and pharyngeal anatomy differs from that of human
infants (the distance from the nasal orifice to pharynx being
longer and narrower), the newborn piglet model was chosen
because the brain maturation, lung volume, and birth weights
resemble those of newborn infants. The level of nCPAP used
for the treatment of RDS in human neonates ranges between 5
and 8 cm H,O depending on the lung illness type and severity.
In the present study, as in previous studies (19, 22, 37) using
nCPAP, a pressure of 5cm H,0 was used; however, it is possible
that the use of higher level of nCPAP could have obtained dif-
ferent physiologic and histologic results.

CONCLUSIONS

Nebulization delivery of poractant alfa at doses of at least 200 mg/
kg using an investigational customized eFlow-Neos Nebulizer is
a safe therapeutic approach for relieving surfactant deficiency
in spontaneously breathing newborn piglets supported with
nCPAP. Furthermore, there is histologic and biochemical evi-
dence of less lung injury trend with poractant alfa nebulization
treatment. Nominal surfactant dose of 200 or 400 mg/kg delivered
by the eFlow-Neos nebulizer significantly improved pulmonary
outcomes in a similar way to Insure surfactant administration.
Nonetheless, long-term studies are required with the selected
dose in order to assess the need for intubation, duration of venti-
lation, surfactant redosing, physiologic stability, and so on, com-
paring with the outcomes with the use of nCPAP alone.
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