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In preterm infants with respiratory distress syndrome, surfactant
administration followed by immediate extubation to spontaneous
breathing with nasal continuous positive airway pressure reduces the
need for mechanical ventilation.With this treatment approach, repeated
doses of surfactant are rarely indicated. We used a rabbit model to test
the hypothesis that exogenous surfactant therapy followed by sponta-
neous breathing results in a more sustained initial treatment response
compared with treatment followed by mechanical ventilation. Preterm
rabbits (gestational age 28.5 d) were treated with pharyngeal deposition
of 200mg/kg radiolabeled surfactant (14C-Curosurf) and randomized to
4 h of spontaneous breathing or mechanical ventilation or to a control
group, killed immediately after surfactant administration. With pharyn-
geal deposition, 46 � 10% (mean � SEM) of the administered surfac-
tant reached the lungs. The dynamic lung-thorax compliance was
higher in spontaneously breathing compared with mechanically venti-
lated animals (median, 9.9 and 0.75 ml � cm H2O

�1 � kg�1, respec-
tively; p � 0.05). The relative distribution of 14C-Curosurf in bron-
choalveolar lavage fluid and homogenized lung tissue showed a higher
degree of tissue association in the spontaneously breathing animals [53

� 4 versus 26 � 3% (mean � SEM)] than in mechanically ventilated
animals (p � 0.01), the latter figure being very similar to that of the
control group (25 � 5%). There was a higher degree of lipid peroxi-
dation and fewer microbubbles in bronchoalveolar lavage fluid from
mechanically ventilated animals.We conclude that the initial lung tissue
association of exogenous surfactant is impaired by mechanical ventila-
tion. This is associated with a reduction of dynamic compliance and
evidence of increased surfactant inactivation. (Pediatr Res 57: 624–
630, 2005)

Abbreviations
BAL, bronchoalveolar lavage
MDA, malondialdehyde
MST, microbubble stability test
nCPAP, nasal continuous positive airway pressure
PEEP, positive end expiratory pressure
RDS, respiratory distress syndrome
4-HNE, 4-hydroxyalkenals

In neonates with respiratory distress syndrome (RDS), ex-
ogenous surfactant has become a standard treatment (1). In
humans, the effective mode of administration is instillation into
the airways. This requires intubation, which means that sur-
factant treatment is usually given in conjunction with mechan-
ical ventilation. With increasing knowledge of the detrimental

effects of mechanical ventilation on the immature lung, there is
a need for alternative treatment approaches. Early nasal con-
tinuous positive airway pressure (nCPAP) has been shown to
be beneficial as initial treatment of RDS also in very low birth
weight infants (2,3). With the administration of exogenous
surfactant during a short intubation, followed by immediate
extubation to nCPAP, the need for mechanical ventilation is
reduced in preterm infants with RDS (4,5). In most of these
patients, a single dose of surfactant is sufficient to reverse the
clinical course of RDS, whereas in mechanically ventilated
infants, multiple doses are often required (6). On the basis of
these clinical observations, we hypothesized that the duration
of the treatment response would be better and more sustained
if infants were allowed to breathe spontaneously after receiving
surfactant rather than being subjected to mechanical
ventilation.
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Mechanical ventilation induces varying degrees of lung
injury, resulting in fluid leakage and inflammatory response,
which can inactivate both endogenous and exogenous surfac-
tant (7,8). Oxidative reactions that lead to lipid peroxidation of
surfactant have been proposed as one mechanism for this
inactivation (9,10). For assessing surfactant inactivation in-
duced by plasma proteins, the microbubble stability test (MST)
performed on bronchoalveolar lavage (BAL) fluid or gastric
aspirates of the newborn provides a rapid test that can also be
used to predict the later development of RDS (11,12). Dynamic
lung compliance, reflecting surfactant function and activity,
has long been used to evaluate treatment response (13). In
surfactant-treated preterm rabbits that are ventilated with stan-
dardized insufflation pressure, tidal volume decreases with
increasing time of mechanical ventilation. The change in tidal
volume is also associated with an elevation of surface tension
in lung lavage fluid, suggesting inactivation of surfactant (14).
Compliance measurements in surfactant-treated animals that
breathe spontaneously are sparse (15). In neonates with RDS,
studied during spontaneous breathing with nCPAP, dynamic
compliance increased by 29% after exogenous surfactant treat-
ment, but during mechanical ventilation, no improvement
could be detected (16).
Ventilation strategy can clearly alter the treatment response

of exogenous surfactant. Mechanical ventilation with large
tidal volumes before surfactant administration compromises
the therapeutic effect (17), whereas application of positive end
expiratory pressure (PEEP) may decrease the protein leaks into
the alveoli (18) and increase compliance in ventilated, imma-
ture lungs (19). Although surfactant metabolism in relation to
ventilation strategy has been studied extensively, there are few
comparative experimental studies versus CPAP and spontane-
ous breathing. One recent report indicated decreased lung
injury in CPAP-treated premature lambs compared with ani-
mals that underwent mechanical ventilation (20). In preterm
infants, surfactant replacement followed by spontaneous
breathing in nCPAP is now an established option, and this
treatment strategy results in a good treatment response and
seems to be beneficial compared with mechanical ventilation
(21). To evaluate our hypothesis in a controlled, laboratory
setting, we designed a series of experiments in preterm new-
born rabbits to test whether the treatment response pattern,
including tissue association, function, and inactivation of ex-
ogenous surfactant in the first 4 h of postnatal life, would differ
after spontaneous breathing or mechanical ventilation.

METHODS

Surfactant preparation. Curosurf, a commercially available surfactant
derived from porcine lungs, was provided by Chiesi Farmaceutici (Parma,
Italy). The lipids and hydrophobic proteins in Curosurf were isolated by
extraction according to Bligh and Dyer (22) and mixed with 1-palmitoyl-2-
[1-14C] palmitoyl phosphatidylcholine (specific activity 54–55.5 mCi/mmol;
Amersham Biosciences, Little Chalfont, Buckinghamshire, UK), dried under
N2, and suspended in saline. Three batches of radiolabeled surfactant (14C-
Curosurf) were used, one was provided by Dr. Aldo Baritussio (University of
Padua, Padua, Italy) and two were prepared in our laboratory. The final
suspensions had a concentration of 80 mg/mL and contained 28,000–35,000
dpm/mg.

Animal experiments. The experiments were performed on seven litters with
a total of 54 rabbit fetuses delivered at a gestational age of 28.5 d (term 31 d).

This represents a transitional stage of lung maturation at which the fetal rabbits
have started to produce surfactant (23). Furthermore, pups that are delivered
prematurely at this stage of gestation have sufficient respiratory drive to
support spontaneous breathing for several hours (24). The does were anesthe-
tized with i.v. propophol and local infiltration of the abdominal wall with
lidocaine. The fetuses were sequentially obtained by hysterotomy, and thorax
compression was immediately applied to prevent breathing. A thin plastic
catheter was introduced to the pharynx, and 0.1 mL (corresponding to ~200
mg/kg) of 14C-Curosurf was deposited with simultaneous release of the thorax
compression and cutaneous stimulation to induce breathing. After aspiration,
when there was no visible surfactant left in the pharynx, the animals were
weighed and placed in a box heated to 37°C and flushed with 100% oxygen.
The duration of the procedure was 1–2 min. The next fetus was not delivered
until the first had received surfactant. Animals in which �10% of the admin-
istered dose was delivered to the lungs were excluded (n � 10). The experi-
mental set up is shown schematically in Fig. 1.

The animals were randomized to 1) mechanical ventilation (n � 18), 2)
spontaneous breathing (n � 18), or 3) control group (n � 8). Animals that were
randomized to mechanical ventilation were anesthetized with i.p. pentobarbital
sodium (0.1 mL, 6 mg/mL) and tracheotomized. They then were transferred to
a system of multiple body plethysmographs heated to 37°C (13). After muscle
relaxation with i.p. pancuronium bromide (0.1 mL, 0.2 mg/mL), they were
connected in parallel to a pressure-constant ventilator system (Servo Ventilator
900 B; Siemens-Elema, Solna, Sweden), delivering 100% oxygen at a fre-
quency of 40/min and 1:1 inspiration:expiration ratio. Using a Powerlab
system (ADInstruments Limited, Chalgrove, Oxfordshire, UK) including Pow-
erlab 4/20 (ML840), Bridge AmpT (ML110), Animal Bio Amp (ML136), and
Spirometer (ML140), the pressure of the respiratory circuit, individual flow
rates/tidal volumes, and ECGs were recorded. For individual pressure mea-
surements, a pressure transducer (MLT844) was used. The inspiratory pressure
was set to generate a tidal volume of 10 mL/kg and was monitored and
adjusted regularly during the observation period. ECG indicating severe
arrhythmia or bradycardia �50 beats/min was regarded as exclusion criterion
(n � 7).

Figure 1. Experimental set-up. Schematic view of the experiment. A total of
54 premature rabbits received 0.1 mL of 14C-Curosurf (~200 mg/kg) by
pharyngeal deposition before their first breath. Control animals were killed
immediately after surfactant administration. After anesthesia with pentobarbi-
tal sodium, tracheotomy, and muscle relaxation with pancuronium bromide,
mechanically ventilated animals were ventilated with a tidal volume of 10
mL/kg. At the end of the experiment, spontaneously breathing animals were
anesthetized and tracheotomized as previously the mechanically ventilated and
dynamic compliance measurements were performed at 4 h of life in both
groups.
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Spontaneously breathing animals were kept in the heated box during the 4-h
observation period. Subjects that failed to establish spontaneous regular breath-
ing or developed irregular breathing were excluded when the respiratory rate
was �6 breaths/min (n � 3). At the end of the observation period, the
spontaneously breathing animals were anesthetized with i.p. pentobarbital
sodium (0.1 mL, 6 mg/mL), tracheotomized, muscle relaxed with i.p. pancu-
ronium bromide (0.1 mL, 0.2 mg/mL), and connected to the ventilator-
multiplethysmograph system. Dynamic lung-thorax compliance was measured
at 4 h of life in both mechanically ventilated and spontaneously breathing
animals by dividing tidal volume (mL/kg) by peak inspiratory pressure (cm
H2O) for individual animals in each treatment group. After compliance mea-
surements, animals were killed by intracerebral injection of lidocaine (2%, 0.5
mL). Control animals were similarly killed immediately after instillation of
14C-Curosurf. The study was approved by the Karolinska Institutet Animal
Ethics Committee, Stockholm.

Lung preparations. BAL was performed in all animals, using 40 mL/kg
normal saline that was instilled and withdrawn three times. The procedure was
repeated five times, and the washes were pooled. The total BAL volume was
recorded, and an average of 93 � 1% (mean � SEM) of the instilled volume
was recovered. Aliquots of the BAL fluid were mixed with chloroform:metha-
nol (1:2:2 BAL fluid/chloroform/methanol) for radioactivity measurements.
The remaining fluid was frozen at �20°C for analysis of total phospholipid
content and microbubble stability and at �70°C for measurement of lipid
peroxidation. The lavaged lungs were removed, weighed, mechanically ho-
mogenized in chloroform/methanol 1:1, filtered, and mixed with distilled water
to final proportions of chloroform/methanol/water (2:2:1).

Radioactivity measurements. The organic phases of BAL fluid and lung
tissue samples were used in duplicate for radioactivity measurements in a 1215
Rackbeta II Liquid Scintillant Counter (LKB/Wallac Og, Turku, Finland). The
total recovery from the lungs (i.e. the dose of 14C-Curosurf deposited to the
lungs) was calculated by dividing the sum of the radioactivity (counts per
minute) in BAL fluid � lung tissue from each animal with the administered
dose of radioactivity. The degree of tissue association of exogenous surfactant
was determined by the distribution of 14C-Curosurf in BAL fluid and lung
tissue, calculated as the ratio of radioactivity in BAL fluid or lung tissue
relative to the dose deposited (radioactivity in BAL fluid � lung tissue) and is
expressed in percentage.

The total phosphorus content in the BAL fluid was measured according to
Bartlett (25). An estimation of the alveolar pool of endogenous surfactant was
made by subtracting the amount of exogenous surfactant (total recovery of
14C-Curosurf) from the total phosphorus content in the BAL fluid and relating
it to the weight of the individual animal.

Lipid peroxidation and surfactant inactivation. The degree of lipid per-
oxidation in the BAL fluid was determined by measuring the amounts of
secondary products such as malondialdehyde (MDA) and 4-hydroxyalkenals
(4-HNE) using a new LPO-586 colorimetric assay (OXIS-21012; British
Biotechnology Products Ltd., Abingdon, UK). The principle is based on the
reaction of a chromogenic reagent (R1; 10.3 mM N-methyl-2-phenylindole) in
acetonitrile, with MDA and 4-HNE to yield a stable chromophore with a
maximal absorbance at 586 nm (26,27). To adjust for differences between
litters, the value of each sample was divided by the mean value of the litter,
giving a lipid peroxidation score.

The MST was performed in a subgroup of animals (three litters, n � 15).
After thawing, bubbles were generated in BAL samples by sucking and
expelling the fluid in and out of a Pasteur pipette, 1 mm in diameter, 60 times
during ~30 s (28). Three droplets from the deeper part of the sample were
placed in separate wells of a glass slide and covered with a coverslip. The
droplets were immediately examined with a light microscope connected to an
image analyzer operating at a magnification of �230. A specially designed
computer program was used in the size distribution analysis of the bubbles in
the samples (12). Microbubbles were defined as bubbles with diameter �20
�m (12). The percentage and the total number of microbubbles were calculated
in six random fields (total area 3.1 mm2).

Data presentation. Two-tailed t tests were used for normally distributed
data, Wilcoxon rank sum for nonnormally distributed data, Fisher exact test for
categorical data, and Pearson coefficients for correlation analysis. Data are
presented as mean � SEM or median and interquartile range. Statistical
analyses were performed using SAS (version 8.1; SAS Institute, Cary, NC).

RESULTS

Fifteen of 18 animals in the spontaneously breathing group
and 11 of 18 in the mechanically ventilated group survived the
4-h experiment, resulting in a survival rate of 83% for the
spontaneously breathing animals compared with 61% for the
mechanically ventilated (p � 0.26).
The total recovery of 14C-Curosurf from the lung (BAL fluid

� lung tissue) was 46 � 10% in the control group, indicating
that, with pharyngeal deposition, approximately half of the
administered dose reached the lungs. This corresponds to an
average dose of 92 mg/kg. There were no significant differ-
ences in the treatment groups after 4 h, suggesting minimal or
no clearance from the lung. The total recovery of 14C-Curosurf
in the different treatment groups, together with a description of
birth weight and the estimated alveolar pool of endogenous
surfactant, is shown in Table 1.
The distribution of 14C-Curosurf in BAL fluid and lung

tissue differed between the treatment groups (Fig. 2). In the
spontaneously breathing group, 53 � 4% of the 14C-Curosurf
was tissue associated, i.e., could not be recovered by lavage
after 4 h, compared with 26 � 3% in the mechanically venti-
lated group (p � 0.001). The immediate tissue association was
found to be 25 � 5% in the control group, which is very similar
to that found for the mechanically ventilated animals after 4 h.
There was a weak but statistically significant correlation be-
tween the degree of tissue association and dynamic lung-thorax
compliance (r � 0.41, p � 0.04).
Median and interquartile range values for dynamic lung-

thorax compliance in the spontaneously breathing and mechan-
ically ventilated animals were 0.90 ml · cm H2O

�1 · kg�1 ·
(0.76–1.13) and 0.75 ml · cm H2O

�1 · kg�1 · (0.70–0.80),
respectively (p � 0.05; Fig. 3). There was no difference in
compliance values between litters; the animals with the five
highest values came from four different litters. No correlation
between the total recovery of 14C-Curosurf and dynamic lung-
thorax compliance could be found (data not shown).
The amount of MDA and 4-HNE in BAL fluid ranged

between 0.19 and 6.95 �mol/mL. The lipid peroxidation score
revealed a higher degree of lipid peroxidation in the mechan-
ically ventilated group compared with the spontaneously
breathing animals [1.26 (1.10–1.66) versus 0.99 (0.80–1.12);
p � 0.01]. These values were both significantly higher than

Table 1. Characteristics of the treatment groups

Treatment group
Birth weight

(g)
Endogenous surfactant

pool (mg/kg)*
Total recovery of
14C-Curosurf (%)†

Spontaneous breathing (n � 15) 38 � 1 7.7 � 1.2 39 � 4
Mechanical ventilation (n � 11) 37 � 2 9.0 � 1.4 47 � 5
Control animals (n � 8) 32 � 3 8.2 � 3.0 46 � 10

Values are mean � SEM.
* Amount of phosphorus minus exogenous surfactant (14C-Curosurf) in BAL fluid per kilogram of body weight. No statistical difference between groups.
† Total recovery of radioactivity in BAL fluid � lung tissue relative to the administered dose of 14C-Curosurf. No statistical difference between groups.
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that of the control group [0.50 (0.18–0.88); p � 0.05; Table 2].
MST showed an overall high percentage of microbubbles but
with a trend toward lower values for the mechanically venti-
lated [88% (63-93)] compared with the spontaneously breath-
ing group [95% (91-100); p � 0.11; Table 2].

DISCUSSION

We have shown that in spontaneously breathing rabbits,
exogenous surfactant has a greater tissue association and a
higher dynamic compliance compared with mechanically ven-
tilated animals. In the very premature infant, early CPAP is a
treatment approach that allows spontaneous breathing and
promotes uniform alveolar expansion. With this mode of ven-
tilatory support, lung mechanics is improved and the need for
mechanical ventilation is reduced (4,16). However, to date,
there are few experimental studies to support the benefits of
nCPAP. Jobe et al. (20) found fewer neutrophils and lower
levels of hydrogen peroxide in alveolar washes from CPAP-
treated preterm lambs compared with mechanically ventilated
animals, indicating less lung injury in the former group, data
that are supported by our results. In our rabbit model, appli-
cation of CPAP to spontaneously breathing animals was not
feasible, and the use of PEEP would have been a confounder if
applied to mechanically ventilated animals only. Therefore, we
did not use PEEP in the ventilator settings. This might have
impaired the treatment response to exogenous surfactant. Rider
et al. (18) showed that application of PEEP in surfactant-
treated preterm newborn rabbits decreased the recovery of
intravascular labeled albumin in the lungs, indicating less lung
injury. This was associated with a trend toward improved
dynamic compliance, which, however, was not statistically
significant. Along the same lines, Michna et al. (19) reported
increased compliance in surfactant-treated, very preterm lambs
that were ventilated with 4–7 cm H2O of PEEP compared with
zero PEEP. To the best of our knowledge, there are no pub-
lished experimental studies of pulmonary mechanics and lung
injury in spontaneously breathing subjects with and without
CPAP.

The term ventilator-induced lung injury is used to describe
the pathophysiologic changes of altered lung fluid balance,
endothelial and epithelial leakage, and various degree of tissue
damage that occur during mechanical ventilation, all of which
interact with the pulmonary surfactant system (7). A recent
clinical trial identified mechanical ventilation as the major risk
factor for bronchopulmonary dysplasia, one of the most im-
portant complications in surfactant-deficient, premature infants
(29). In the effort to reduce ventilator-induced lung injury,
much attention has been focused on lung-protective ventilation
strategies, and avoiding volutrauma from alveolar overdisten-
sion has become recognized as one of the most important
issues (30). A tidal volume of 10 mL/kg, as we used in this
animal study, would in a clinical setting be considered exces-
sive, predisposing to lung injury. Our present protocol for
mechanical ventilation was based on previous experience with
the ventilator system at hand, in which the therapeutic effect of
surfactant treatment was evaluated in preterm rabbits that were
27.5 d of gestational age and ventilated with a tidal volume of
8–10 mL/kg without histologic evidence of lung injury (13).
All animals in the present study received prophylactic surfac-
tant treatment, which in previous studies has been shown to
protect against ventilator-induced lung injury. Nilsson et al.
(31) reported that rabbit pups that were delivered at a gesta-
tional age of 27 d and treated with surfactant at birth could be
ventilated for 1 h with tidal volumes of 10 mL/kg and zero
PEEP, without the histologic evidence of lung injury found in
untreated controls. Wada et al. (32) reported that in preterm
lambs, an initial tidal volume of 20 mL/kg decreased the
subsequent response to surfactant treatment, an effect that was
prevented with surfactant treatment at birth. In surfactant-
treated preterm lambs that were ventilated for up to 24 h, a high
tidal volume (15 mL/kg) and low rate (15 breaths/min) com-
pared with a low tidal volume (8 mL/kg) and high rate (50
breaths/min) did not influence alveolar lavage protein or sur-

Figure 3. Dynamic lung-thorax compliance 4 h after surfactant administra-
tion in spontaneously breathing (n � 15) and mechanically ventilated (n � 11)
surfactant-treated preterm rabbits. Box depicts interquartile range; the hori-
zontal line marks the median value, � marks the mean values, and the vertical
line marks the range. Compliance was greater for spontaneously breathing than
mechanically ventilated animals (p � 0.05).

Figure 2. Lung distribution of exogenous surfactant. The relative distribution
of 14C-Curosurf in BAL fluid and lung tissue, expressed as percentage of total
recovery. The degree of tissue association of surfactant, i.e. radiolabel found in
lung tissue 4 h after surfactant administration, was significantly higher in
spontaneously breathing animals (n � 15) compared with both mechanically
ventilated (n � 11) and control animals (n � 8; p � 0.001). Error bars indicate
SEM in both BAL fluid and lung tissue.
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factant function when subsequently tested in premature rabbits
(33). In our present study, we chose slightly more mature
animals with a gestational age of 28.5 d compared with the 26
or 27 d used in many previous studies. The main reason for this
was the inability of more immature animals to maintain spon-
taneous breathing for 4 h, but, in addition, the more mature
lungs are less susceptible to lung injury. Healthy, surfactant-
sufficient lungs seem to tolerate even ventilation with forced
expiration well, as shown by Taskar et al. (34) in adult rabbits
that were ventilated for 1 h with negative end expiratory
pressure and a tidal volume of 10 mL/kg with unchanged
dynamic compliance and no histologic signs of inflammation
or epithelial disruption. The median dynamic compliance of
0.75 mL · cm H2O

�1 · kg�1 in our mechanically ventilated
group is similar to that of 0.71 mL · cm H2O

�1 · kg�1 in
surfactant-treated near-term rabbits (gestational age 30 d) that
were ventilated for 30 min with tidal volumes of 8–10 mL/kg,
without developing morphologic signs of lung injury (13).
Thus, the ventilator settings used in our moderately immature
animals were not injurious under the present experimental
conditions, especially as the animals were treated with surfac-
tant at birth. However, the results suggest that the negative
effects of mechanical ventilation are still significant when
compared with spontaneous breathing.
Previous studies in newborn rabbits have shown that be-

tween 24 and 44% of the surfactant lipid instilled into the
airways immediately becomes “tissue-associated,” i.e. cannot
be recovered by BAL (14,35–38). We found the immediate
tissue association of administered surfactant to be ~25%,
which is in agreement with previous reports. In the mechani-
cally ventilated group, the amount of tissue-associated surfac-
tant stayed at ~25% during the 4-h observation period, whereas
in the spontaneously breathing group, there was an increase up
to �50% becoming tissue associated. The distribution of ra-
dioactivity being similar in the mechanically ventilated group
and in controls killed at time 0 suggests that mechanical
ventilation impairs or delays the process of continuous tissue
association/uptake that takes place in animals that are allowed
to breathe spontaneously. The larger alveolar pool in the
mechanically ventilated animals did not improve lung function
as measured by dynamic compliance. The lower dynamic
compliance after 4 h, compared with the spontaneously breath-
ing group, is instead likely to reflect surfactant inactivation.
This is supported by the lower percentage of microbubbles and
higher degree of lipid peroxidation in BAL fluid from mechan-
ically ventilated animals. Peroxidation of surfactant lipids can
be induced in preterm infants by increased plasma levels of

nonprotein bound iron or, at least under in vitro conditions, by
free radical production from activated phagocytes or bacteria
(9,10,26,27). Our present data suggest that mechanical venti-
lation causes lipid peroxidation of surfactant either by in-
creased production or reduced clearance of free oxygen
radicals.
Many authors have described the rapid tissue association of

surfactant after intratracheal administration, but its functional
significance remains unclear (14,35–38). To explain this phe-
nomenon simply by inadequacy of the lavage technique is not
sufficient in light of the results of this study, in which the same
procedure produced different results in different treatment
groups. Presumably, the tissue association reflects the entering
of exogenous surfactant into the metabolic pathways of endog-
enous surfactant and therefore is a desired process. However,
the first immediate loss of administered surfactant that is not
recoverable by lavage seems to be due to binding rather than
uptake. It has been suggested that the lipids and proteins of
surfactant are “sticky” and adhere to the epithelial surface, with
a preference to alveolar type II cells (39). Immaturity and
severity of lung disease increase the tissue association in
lambs, but this is linked to lower total recovery from the lungs
and might instead reflect increased clearance (40). In the
spontaneously breathing preterm or 3-d-old rabbit, the distri-
bution of intratracheally administered, radiolabeled surfactant
shows a dramatic change during the first 3 h, when a significant
amount of label disappears from the airspaces and becomes
tissue associated. After that, the amount of label recovered in
the lavage reaches a fairly stable level, increasing only slowly
over 24 h, presumably as a result of surfactant recycling
(36,37). In the newborn animal, surfactant is recycled with
�90% efficiency, but the time point when intratracheally ad-
ministered surfactant reappears in the alveoli after recycling
remains to be determined (41). Studies indicate that it takes
several hours before the recovery of surfactant in alveolar
washes is influenced by significant amounts of recycled mate-
rial and that mechanical ventilation may hinder resecretion in
preterm rabbits (36,37). Thus, the recovery of surfactant in
alveolar washes after 4 h is not likely to be significantly
influenced by recycled material.
In this study, exogenous surfactant was administered by

pharyngeal deposition. Puncture and direct injection of surfac-
tant into the trachea would have been preferred because it
allows deposition of a more exact dose, but in our first pilot
experiments, this procedure resulted in apnea, with subsequent
very low survival rates for the spontaneously breathing ani-
mals. From previous experience, we know that pharyngeal

Table 2. Indicators of surfactant inactivation

Mechanical
ventilation

Spontaneous
breathing Controls p value*

Lipid peroxidation score†
(n � 34)

1.26 (1.10–1.66) 0.99 (0.80–1.12) 0.50 (0.18–0.88) �0.01

MST‡ (%) (n � 14) 88 (63–93) 95 (91–100) 98 (55–99) 0.11

Values are median (interquartile range).
* Mechanical ventilation compared with spontaneous breathing.
† Micromole of MDA and 4-HNE in BAL sample normalized to the mean value in each litter.
‡ MST with microbubbles defined as bubble size �20 �m in diameter.
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deposition is a feasible method (42), and in the present study,
we were able to demonstrate that approximately half of the
administered dose reached the lungs. The variation was wide,
but our calculations using total recovery all were based on
individual relations for each animal, and no correlation was
found between recovery and compliance values. Some of the
loss may have been due to leakage and swallowing. We
screened for vascular clearance of radiolabeled Curosurf in
heart blood samples that were obtained from three random
animals and found no detectable levels of radioactivity (data
not shown). Because the total recovery was not different at 0
and 4 h, clearance is unlikely to contribute to the loss. Others
have also shown that the overall clearance of labeled phos-
phatidylcholine from the preterm lung is very low, consistent
with minimal catabolic activity, and that there is no difference
between spontaneously breathing and mechanically ventilated
animals (39,43). Furthermore, for ensuring treatment effect, the
dose of exogenous surfactant given was large, ~20 times that of
the endogenous pool. We estimated the endogenous surfactant
pool to be 7.7–9.0 mg/kg, which is in agreement with previous
observations in preterm rabbits (35). Anesthesia was given
shortly before compliance measurements to spontaneously
breathing animals but 4 h earlier to those that were mechani-
cally ventilated. Clinical studies regarding the influence of
muscle relaxation with pancuronium on lung compliance have
given conflicting results, but any negative effect is rapid and
believed to be related to decreased functional residual capacity
(44,45). In an experimental study in pigs that were anesthetized
with pentobarbital, neuromuscular blockade did not alter lung
compliance (46). Therefore, it is unlikely that the results at
hand were influenced to any significant degree by the timing of
anesthesia.

CONCLUSION

We conclude that in premature rabbits, mechanical ventila-
tion seems to impair or delay the tissue association of exoge-
nous surfactant compared with spontaneous breathing. This is
associated with a lower dynamic compliance and evidence of
surfactant inactivation. We speculate that spontaneous breath-
ing allows the exogenous surfactant to enter more effectively
the metabolic pathways of endogenous surfactant, thereby
reducing the need for repeated dosing. Extrapolated to clinical
conditions, our present experimental data support the growing
evidence of benefits obtained by combining surfactant treat-
ment with early CPAP in preterm infants.
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