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IntroductIon: a lyophilized formulation of lucinactant 
has been developed to simplify preparation and dosing. 
endotracheal administration of surfactant can be associated 
with potentially harmful transient hemodynamic changes 
including decreases in cerebral blood flow and delivery of O

2
 

to the brain. efficacy and peri-dosing effects of poractant alfa 
and a lyophilized form of lucinactant were compared in this 
study.
Methods: Premature lambs (126–129 d gestation) were 
delivered by c-section, tracheostomized, ventilated, and instru-
mented with cerebral laser Doppler flowmetry and tissue 
PO

2
 probes. Pulmonary compliance and tidal volumes were 

monitored continuously and surfactant lung distribution was 
assessed. Lambs received either poractant alfa or lyophilized 
lucinactant and were monitored for 3 h after treatment.
results: Both groups showed significant improvements in 
arterial pcO

2
, ph, pulmonary compliance, and tidal volume (all 

P < 0.01), a similar intra-pulmonary distribution profile, and no 
significant changes in arterial blood pressure or cerebral blood 
flow. administration of poractant alfa was associated with 
higher mean airway pressures from 75 min post-dosing and 
transiently decreased heart rate and increased brain tissue PO

2
 

during the first 30 min after treatment.
dIscussIon: In this newborn lamb model of respiratory dis-
tress, lyophilized lucinactant results in improved lung function 
as compared with poractant alfa.

the biophysical characteristics of pulmonary surfactant were 
first described by Clements in the 1950s (1), and insuffi-

cient amounts of surfactant in the lung extracts of infants who 
died from hyaline membrane disease were documented by 
Avery and Mead (2). After the initial report on clinical effec-
tiveness of exogenous, bovine-derived surfactant by Fujiwara 
et al. (3), a pilot clinical trial of human surfactant for neonatal 
respiratory distress syndrome (RDS) was initiated in 1981 (4), 
followed by studies of bovine lung extracts (5,6), thus opening 
the era of surfactant replacement therapy for the treatment and 
prophylaxis of neonatal RDS.

Currently, several therapeutic surfactants with different 
compositions are commercially available for the management 

of neonatal RDS. All of these surfactants, including porac-
tant alfa, beractant, calfactant, and surfactant-TA, are derived 
from animals. These products contain both hydrophobic sur-
factant proteins (SPs) B and C in various quantities and pro-
portions. The critical importance of SP-B was demonstrated 
by Clark et al., who showed respiratory failure occurring 
soon after birth in an SP-B gene knockout mouse model (7). 
Synthetic surfactants such as colfosceril palmitate and pumac-
tant did not contain any SPs (8) and are no longer used for the 
treatment of RDS. A meta-analysis by the Cochrane Library 
showed that animal-derived surfactants, when used to treat 
RDS, provide a significant benefit over synthetic surfactants by 
decreasing the incidences of pulmonary air leaks and all-cause 
mortality (9). Most of the animal-derived surfactants that are 
currently available require special handling, including refrig-
eration during storage and an appropriate warming procedure 
before use, resulting in a potentially longer preparation time 
for administration.

One of the most common clinically used surfactant prepa-
rations is poractant alfa (Curosurf), a porcine-derived prep-
aration that has been shown to be effective as compared with 
beractant in multiple clinical trials and was noted to be supe-
rior to beractant by Ramanathan et al. (10). Surfaxin (luci-
nactant; sinapultide surfactant), an FDA approved, synthetic 
surfactant that contains a peptide, sinapultide, combined 
in an aqueous dispersion with the phospholipids dipalmi-
tyolophosphatidylocholine and phosphatidylglycerol and 
palmitic acid (11). Sinapultide is a 21-amino-acid peptide 
composed of lysine and leucine based on the residues 64–79 
derived from SP-B (12). A phase III clinical study and a 
long-term follow-up demonstrated that this liquid synthetic 
surfactant is superior in RDS-related mortality and 1-y sur-
vival as compared with the synthetic lyophilized colfosceril 
palmitate (13,14). A lyophilized dosage form of lucinactant 
has been developed recently, but has not been tested against 
an approved formulation for surfactant replacement ther-
apy. Previously, only lyophilized colfosceril palmitate was 
tested against nonlyophilized surfactant preparations, but 
this preparation lacked SPs and is no longer commercially 
available.
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The aim of this study was to assess the biological response of 
a new lyophilized formulation of lucinactant in an in vivo ani-
mal model of respiratory distress in comparison with poractant 
alfa, the most commonly used clinical surfactant preparation. 
Using an established premature lamb model of neonatal respi-
ratory failure (15,16), we tested the hypothesis that the two 
surfactant formulations would result in comparable improve-
ments in pulmonary function and peri-dosing events. We also 
tested the hypothesis that the two surfactants would be dis-
tributed differently within the lungs. The selected surfactant 
preparations were evaluated on the basis of biological response 
(PaO2, PCO2, respiratory system compliance (CRS), and mean 
airway pressure), peri-dosing changes in cerebral blood flow 
(CBF), brain tissue oxygen tensions, mean arterial blood pres-
sure and heart rate, and pulmonary distribution.

ReSULTS
The mean weight ± SEM of the poractant alfa animals was 
2.6 ± 0.2 kg, and the mean weight of the lyophilized lucinactant 
animals was 2.7 ± 0.1 kg.

Blood Gas Measurement
All lambs developed respiratory and metabolic acidosis and 
were treated as described in the Methods section. After the 
surfactant instillation, arterial PO2, PCO2, and pH improved 
significantly in lambs in both treatment groups. Arterial PO2 
tended to increase faster after the poractant alfa treatment, but 
the difference between groups was not significant (ANOVA). 
Arterial PCO2 decreased more rapidly and was significantly 
lower at the 15-min time point (P < 0.01) in lambs treated with 
poractant alfa as compared with lambs treated with lyophilized 
lucinactant (Figure 1).

Pulmonary Function
Pulmonary compliance and tidal volume increased signifi-
cantly after the administration of surfactant as compared with 
baseline measurements in both treatment groups (one-way 
ANOVA, P < 0.01), but there were no differences in compliance 
or tidal volumes between treatment groups. However, mean 
airway pressure was significantly lower from 75 min post-
treatment to the end of the observation period in lambs treated 
with lyophilized lucinactant as compared with lambs treated 
with poractant alfa (two-way ANOVA, P < 0.01) (Figure 2).

CBF, Brain Tissue PO
2
, Arterial Blood Pressure, and Heart Rate

Compared with lyophilized lucinactant, treatment with porac-
tant alfa resulted in a significant increase in brain tissue PO2 
(P < 0.05) that persisted for 5 min after the administration of 
surfactant and was observed again during the third hour of 
the experiment. There was also a significant decrease in mean 
heart rate from 188 ± 6 to 160 ± 11 beats per minute for nearly 
20 min after poractant alfa administration (two-way ANOVA, 
P < 0.05) as compared with treatment with lyophilized lucinac-
tant. There was no significant difference in mean arterial blood 
pressure or CBF between the treatment groups or relative to 
the baseline period (Figure 3).

Distribution of Surfactant
The surfactant distribution data comprise the results of 360 sam-
ples taken from five lungs in each group. The average weight of 
individual tissue samples was 0.89 ± 0.03 g in the animals given 
lyophilized lucinactant and 0.92 ± 0.04 g in lambs given porac-
tant alfa. An average of 25,554 ± 1,863 microspheres and 26,529 
± 2,212 microspheres were counted in the individual pieces of 
lyophilized lucinactant and poractant alfa lungs, respectively, 
numbers that enable surfactant distribution measurements with 
>3% precision 95% of the time (17).  No significant differences 
in distribution of surfactant within the lung were found between 
lucinactant and poractant alfa (Figure 4).

DISCUSSIoN
This initial evaluation of lyophilized lucinactant compared 
with poractant alfa is an important comparison because 
poractant alfa is one of the most widely used exogenous sur-
factants for management of neonatal RDS throughout the 
world. In this study, the biological response observed after 
treatment with poractant alfa and lyophilized lucinactant 
demonstrated improvement compared with baseline, but was 
similar between groups through 3 h after the administration of 
surfactant. Pulmonary compliance, tidal volume, and arterial 
PO2 levels were the same in both groups from 90 to 180 min 
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Figure 1. Three-hour time course of blood gas and pH values after 
tracheal instillation of poractant alfa (white circles, n = 6) and lyophilized 
lucinactant (black circles, n = 6) given to fetal sheep delivered at 85% 
gestation. Note resolving metabolic and respiratory acidosis for both 
surfactants. * = Statistical difference between surfactant groups (P < 0.01, 
two-way ANoVA with Bonferroni post-test for arterial PCo

2
) at the 15-min 

time point. No other statistical differences between surfactant prepara-
tions were observed (P < 0.05). † = Significant difference from baseline 
levels (one-way ANoVA with Bonferroni post-test, P < 0.05).



34 Pediatric ReseaRch      Volume 72  |  Number 1  |  July 2012 copyright © 2012 International Pediatric Research Foundation, Inc.

Articles Mazela et al.

after the administration of surfactant; however, mean airway 
pressure was significantly lower in the lyophilized lucinactant 
group vs. the poractant alfa group. Poractant alfa resulted in a 
more rapid decrease in arterial PCO2 by 15 minutes post dose, 
and a significant increase of brain tissue O2 at 5 min and 3 h 
post-dosing as compared with lyophilized lucinactant. There 
were no significant differences in lung distribution of the two 
surfactants.

This is the first in vivo study report demonstrating that lyo-
philized lucinactant improves lung function indicated by an 
increase in pulmonary compliance and tidal volume, and a 
decrease in mean airway pressure. The observed improvements 
in lung function are comparable with what was previously 
reported following administration of nonlyophilized lucinac-
tant in liquid instillate form (15). Previously, Vidyasagar et al. 
showed that lyophilized surfactant-TA, a bovine-derived exog-
enous surfactant, when given to baboons 2 h after delivery, 
showed a beneficial effect on the arterial-to-alveolar PaO2 ratio 
and pulmonary compliance and reduced respiratory support 
as compared with no treatment (18). These findings support 
the concept that lyophilized preparations are effective alterna-
tives to liquid instillate surfactant formulations. Cummings et 
al. compared four different surfactants, including a lyophilized 
surfactant, colfosceril palmitate, in a 126-d-old premature 

newborn lamb model. Except for colfosceril palmitate, all the 
surfactants tested improved mortality, arterial oxygenation, 
and pulmonary compliance at 24 h post delivery (19). Although 
surfactant-TA and colfosceril palmitate are lyophilized prepa-
rations, each showed different biological responses in their 
respective studies. The positive effect of surfactant-TA may 
have been linked to the function of its SP-B component, which 
is absent in colfosceril palmitate. Lyophilized lucinactant more 
closely resembles surfactant-TA in that these lyophilized sur-
factants contain either SP-B or a peptide mimic of SP-B.

Despite comparable tidal volumes, arterial PCO2 was sig-
nificantly higher in the lucinactant lambs at 15 min after the 
administration of surfactant, suggesting transiently decreased 
ventilation/perfusion matching compared with the poractant 
alfa animals. Apart from transiently lower PCO2 in the porac-
tant alfa group, significant differences in blood gas and pulmo-
nary function values between the two treatment groups beyond 
30 min post-dosing were not observed. Nevertheless, the ani-
mals treated with lyophilized lucinactant required significantly 
lower mean airway pressures after 75 min in order to maintain 
protocol-required tidal volume. Lower mean airway pressure 
may be linked to study design or drug response. This may have 
been related to a number of variables known to affect the distri-
bution and function of surfactant that were not similar between 
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Figure 2. Time course of respiratory parameters after instillation of 
poractant alfa (white circles, n = 6) and lyophilized lucinactant (black 
circles, n = 6) to prematurely delivered lambs. Note two-fold increase 
in dynamic compliance for both surfactants. * = Statistical difference 
between surfactant groups (two-way ANoVA with Bonferroni post-test, 
P < 0.01). † = Significant difference from baseline levels (one-way ANoVA 
with Bonferroni post-test, P < 0.05).
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Figure 3. Peri-dosing events after instillation of poractant alfa 
(white circles, n = 6) and lyophilized lucinactant (black circles, n = 6) to 
prematurely delivered lambs expressed as changes in cerebral blood 
flow, brain tissue o
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beats per min). * = Statistical difference between surfactant groups 
(two-way ANoVA with Bonferroni post-test, P < 0.01). † = Significant 
 difference from baseline levels (one-way ANoVA with Bonferroni post-
test, P < 0.05).
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the two surfactant preparations studied. For example, the rhe-
ology of aggregated dispersions and suspensions of surfactant 
varies significantly with differences in phospholipid concentra-
tions, which are nearly three-fold more concentrated in porac-
tant alfa (80 mg/ml) compared with lucinactant (30 mg/ml). The 
volume of instillate (which was nearly three-fold greater in the 
lucinactant group) is also directly related to the distribution of 
surfactant to the distal airways (20,21). Pulmonary distribution 
also varies in direct proportion to the viscosity of the surfactant 
(22–24), and although a quantitative comparison of viscoci-
ties of the two formulations has not been carried out, it is likely 
another variable that differs between the two groups.

Although the goals of this study precluded controlling for 
variables known to affect pulmonary distribution of surfactant, 

the differences in gross distribution within the lungs were not 
measured. This finding is in contrast to a previous study in 
which liquid lucinactant was more homogeneously distributed 
than poractant alfa (15), and suggests that the distribution char-
acteristics of lyophilized lucinactant may be altered from that of 
the parent liquid form. It is worth noting that the measurements 
of comparable pulmonary distributions on a macroscopic scale 
do not rule out the possibility of differing distribution of the sur-
factants within the airways. Such differences, together with the 
differing physical and chemical characteristics of the two for-
mulations, may also have contributed to the lower mean airway 
pressures required in the lambs treated with lucinactant.

Analysis of peri-dosing changes in brain oxygenation and 
heart rate revealed some differences between the two surfac-
tant preparations. Poractant alfa caused a rapid increase in 
brain tissue PO2 to levels significantly greater than either those 
of the fetal sheep in utero (25) or adult animals breathing 21% 
oxygen (26). Both the present and previous studies (15) have 
shown significantly higher brain tissue PO2 levels and decreas-
ing heart rate after the administration of poractant alfa. It is 
possible that the decrease in heart rate is related to a chemore-
ceptor-mediated bradycardia in response to increased PO2, a 
mechanism that has been described in adults (27) as well as 
newborn infants (28). The cause of the differences in brain tis-
sue PO2 between the two groups, particularly after 3 h, when 
arterial PO2 and CBF are similar, needs further evaluation.

There was a difference in the logistics of surfactant prepara-
tion before administration. Lyophilized lucinactant was recon-
stituted in sterile water, which took approximately 30 s, shaken 
for 10 s, and then drawn into a syringe, whereas poractant alfa 
was warmed to room temperature with the vial gently turned 
upside down for 10 min for uniform suspension and then 
drawn into a syringe. Although we compensated for these dif-
ferences in our study so that the administration of surfactant 
occurred at the same time relative to birth for both types of 
surfactant, in a clinical setting, shorter preparation time and 
drug readiness at any time and place, without influencing the 
biological response of the drug, might be an important vari-
able under certain circumstances.

In summary, we observed comparable improvements in blood 
gases and pulmonary function at 3 h after lyophilized lucinactant 
and poractant alfa administration in a premature lamb model 
of respiratory failure. However, lyophilized lucinactant required 
lower mean airway pressures to achieve similar tidal volumes as 
compared with poractant alfa. The higher volume of lyophilized 
lucinactant administered to lambs was not associated with an 
increase in observed peri-dosing adverse effects. Potential addi-
tional benefits related to improved logistics of drug handling and 
shorter preparation time as well as the physical profile of the new 
lyophilized surfactant should be evaluated in future research.

MeTHoDS
Surgical Instrumentation
Animal care protocols were pre-approved by the Loma Linda 
University Institutional Animal Care and Use Committee. Pregnant 
ewes were obtained from Nebeker Ranch (Lancaster, CA) at 124–
126 d gestation (term ~147 d). Ewes were carrying either singletons 
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or twins. In the case of twins, only one of the lambs was studied. At 
48 and 24 h before delivery of the lambs, the ewes were treated with 
12 mg of betamethasone intramuscularly to enhance fetal lung matu-
rity, a procedure chosen to mimic obstetrical management of preg-
nant women with anticipated preterm delivery. The ewes were given 
500 mg of intravenous thiopental and then intubated and ventilated 
with 2% isoflurane. Amniotic fluid was aspirated before exposing the 
fetal head, which was exteriorized through a midline incision in the 
abdomen of the ewe. A 4.0-mm (outer diameter) endotracheal tube 
(Mallinckrodt, St. Louis, MO) was inserted up to 7 cm through a tra-
cheotomy at the second tracheal ring, locating the tip approximately 
1 cm above the carina. [The endotracheal tube was clamped on inser-
tion to prevent the loss of lung fluid. Each lamb was instrumented 
bilaterally with a composite laser Doppler flowmetry and brain tis-
sue oxygen tensions probe (diameter ~400 μm, Oxyford Optronix 
Ltd, Oxford, UK) inserted through a burr hole drilled on either side 
of the skull, approximately 1 cm posterior to the coronal suture and 
0.5 cm lateral to the sagittal suture as previously described (25). The 
tip of the probe was inserted into the parietal cortex approximately 
0.5 cm below the dura, a position previously determined to position 
the probe tip in the grey matter (25). After surgical instrumentation, 
the lamb was delivered and weighed, the umbilical cord ligated and 
severed, amniotic fluid was suctioned out of the airway using a 15-cm 
catheter, and mechanical ventilation was initiated. Catheters were 
inserted into an umbilical artery and vein for measurement of arterial 
blood gases, blood pressure monitoring, and administration of medi-
cations. The lambs received an intravenous infusion of 5% glucose in 
water at 6 ml/h, 1 mg/kg/h of ketamine, and 0.1 mg/kg/h of pancuro-
nium throughout the experiment.

Ventilation
Mechanical ventilation was initiated at 60 breaths per minute, peak 
inspiratory pressure of 25 cm H2O, positive end expiratory pressure 
of 5 cm H2O, and an inspiratory/expiratory ratio of 1:2. Fractional 
inspired oxygen was held at 1.0 for the duration of the study. Before 
the administration of surfactant, peak inspiratory pressure was 
increased as needed in order to maintain tidal volume between 3 
and 5 ml/kg. After the administration of surfactant, peak inspiratory 
pressure was primarily adjusted to achieve tidal volumes of 6–8 ml/
kg, resulting in PCO2 of 40–60 torr, and pH of 7.25–7.5. Metabolic 
acidosis was treated by intravascular volume expansion with 10 ml/
kg normal saline and administration of intravenous tromethamine 
30 mEq/100 ml at 3 ml/kg for a base excess less than −7 mEq/l.

Protocol Timeline
A total of 12 premature lambs were studied; six received poractant alfa 
and six received lyophilized lucinactant. Surfactant was administered 
by bolus into the endotracheal tube after a 20-min period of baseline 
measurements. The lambs were monitored for a total of 180 min from 
the time of initiating surfactant administration.

Administration of Surfactant
Poractant alfa (Curosurf, Chiesi Farmaceutici, Parma, Italy) was 
administered consistent with its prescribing information. Vials were 
first warmed to room temperature over a period of 5–10 min and then 
the appropriate dose (based on 2.5 ml/kg and 200 mg/kg phospholip-
ids) was drawn into a 5-ml syringe. With the lamb in the prone posi-
tion and tilted 45° to achieve right-side gravity dependence, half of 
the surfactant volume was instilled over ~15 s. This was done using a 
5 French catheter cut to a length even with the distal opening of the 
endotracheal tube, through a NEO2-Safe adapter (B and B Medical 
Technologies, Carlsbad, CA) without disruption of positive end-ex-
piratory pressure. The lamb was ventilated for 1 min. The lamb was 
then repositioned left side down and an identical dose of surfactant 
was administered, followed again by 1 min of ventilation. The lambs 
were not suctioned for at least 1 h after the administration of surfac-
tant. The head of the bed was elevated approximately 15° to minimize 
regurgitation of the surfactant into the ventilator circuit.

Lyophilized lucinactant (Surfaxin LS, Discovery Laboratories, 
Warrington, PA) was administered as four divided bolus doses. The 
lyophilized product was reconstituted by adding 9.05 ml of water for 

injection (in accordance with United States Pharmacopoeia stan-
dards) at room temperature and shaken vigorously for at least 10 s to 
ensure the product was free-flowing. Lucinactant was drawn into a 
10-ml syringe (based on 5.8 ml/kg and 175 mg/kg phospholipid) and 
administered in four quarter doses without interruption of the venti-
latory circuit using a NEO2-Safe adapter. The lambs were positioned 
right side down for the first and third doses, and left side down for the 
second and fourth doses over 2 min of administration, as previously 
described in a clinical study with liquid instillate lucinactant (14). The 
lambs were not suctioned for 1 h after the administration of surfac-
tant, and the head of the bed was elevated 15° to prevent significant 
regurgitation of the surfactant into the ventilator circuit.

Distribution
To assess the uniformity of surfactant distribution within the lungs, 
labeled microspheres were mixed to the surfactant administered to 
lambs in each study group. The microspheres (BioPAL, Worcester, MA) 
of 1–2 μm diameter (~30 million spheres with 7.2 mg of stable isotope 
metal) were provided in a water suspension. The spheres were centri-
fuged at 10,000g for 1 min, the supernatant was removed, and the pel-
let was suspended and mixed thoroughly with the surfactant solution 
immediately before administration as previously described (16).

At the end of the experiment, the lambs were killed, and the lungs 
were removed from the chest en bloc, placed in supine position on a flat 
surface, and frozen at −70 °C. The frozen lungs were weighed and then 
sectioned with three longitudinal slices cut along the sagittal plane, 
three cross-sectional slices cut along the transverse plane, and one lon-
gitudinal slice cut along the coronal plane (a total of 72 pieces) as previ-
ously described (15). Each piece was weighed immediately to minimize 
errors as a result of evaporative loss. The microspheres were quantified 
by neutron radioactivation of the metals followed by gamma counter 
analysis, resulting in a measurement of disintegrations per minute 
(dpm; BioPAL) in pieces of known weight and location.

Blood Pressure, Heart Rate, and Respiratory System Function
Arterial blood pressure was sampled at 200 Hz throughout the experi-
ments using a pressure transducer (Cobe, Lakewood, CO), converted 
to a digital signal (Powerlab, ADInstruments, Colorado Springs, 
CO), and recorded by computer (Chart version 5.2 for Macintosh, 
ADInstruments). Heart rate was calculated from the arterial blood 
pressure waveform. Airway pressure and flow were monitored con-
tinuously through a variable orifice pneumotachometer (Bicore I, 
Cardinal Health, Dublin, OH ). Pulmonary compliance (ml/cmH2O) 
and exhaled tidal volume (ml/kg) were recorded at 20 and 5 min 
before administration of surfactant and every 15 min thereafter.

Blood Gas Analyses
Arterial blood gas (0.4-ml blood sample), including PO2, PCO2, pH 
(ABL-5, Radiometer, Copenhagen, Denmark), and oxyhemoglobin 
saturation and O2 content (OSM3, Radiometer) were measured at 
−20, −15, −5, 5, 10, 20, and 30 min relative to the administration of 
surfactant, and then in 15-min intervals relative to the initiation of 
surfactant throughout the remainder of the experiment.

CBF and Oxygen Tension
CBF was sampled at 100 Hz via laser Doppler flowmetry (OxyFlo, 
Oxford Optronix, Oxford, UK). Because laser Doppler flowmetry 
measures relative changes in flow, values were expressed as a percent 
of mean baseline flow during the 20-min period immediately after 
the administration of surfactant. Cerebral brain tissue oxygen ten-
sions was recorded at 10 Hz (OxyLite, Oxford Optronix). The OxyLite 
probe provides an absolute measure of tissue oxygenation by ruthe-
nium dye fluorescence.

Data Analysis
To assess rapid changes after surfactant administration, the continu-
ously recorded parameters (CBF, brain tissue oxygen tensions, blood 
pressure, and heart rate) were re-sampled into 10-s averages from 
5 min before until 15 min after initiation of surfactant administration. 
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The continuously recorded data were also re-sampled into 1-min 
averages from 20 min before until 180 min after initiation of adminis-
tration of surfactant. The significant changes in parameters with time 
were assessed by one-way ANOVA with repeated measures (GraphPad 
Prism version 5.0 for Macintosh, GraphPad Software, La Jolla, CA). If 
the one-way ANOVA reached significance, a Bonferroni adjustment 
was used to determine which time points were measurably different 
from baseline. For blood gas, CRS, and tidal volume, measurements at 
−5 min were used as a baseline. Significant differences between the 
lyophilized lucinactant and poractant alfa groups were detected using 
two-way ANOVA.

Surfactant distribution in each tissue sample was normalized to tis-
sue weight such that relative distribution was expressed as:

These results were expressed as logarithms (base 10) to achieve a 
normal distribution. In this manner, a perfectly homogenous micro-
sphere distribution on a per-gram -tissue basis would have resulted in 
a value of 0 (log10 of 1) for all pieces. Data were evaluated to quantify 
differences in the microsphere distribution between the six upper-
to-lower divisions, the three medial-to-lateral divisions, and the 
two ventral (dependent)-to-dorsal (nondependent) divisions. These 
assessments were made for both groups using one-way ANOVA for 
the upper-to-lower and medial-to-lateral divisions, and a t-test for the 
dependent-to-nondependent divisions. If a significant difference was 
found with ANOVA, Bonferroni’s and Dunnett’s adjustments were 
performed to identify differences between specific tissue sections. To 
demonstrate overall homogeneity between the two treatment groups, 
the distribution data are presented as a histogram as well as fit to a 
Gaussian curve (GraphPad Prism version 5.0 for Macintosh).
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