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Abstract Objective: To investigate
whether preceding surfactant instil-
lation prevents the harmful effect of
large lung inflations at birth in im-
mature lambs, and, if not, to find out
for how long the immature lung re-
mains sensitive to large inflations.
Design: In an exploratory study, 12
preterm lambs given surfactant at
birth were randomized to receive five
large lung inflations at four different
times: at birth just before or imme-
diately after surfactant treatment; at
10 min; or at 60 min of age. In a
confirmatory study, 10 pairs of pre-
term lamb twins were all given sur-
factant before the first breath. One
lamb in each pair was randomised to
receive large lung inflations imme-
diately after surfactant while the
other twin underwent similar infla-
tions at 10–15 min of age. Setting:
Animal laboratory. Experimental an-
imals: Anaesthetized lambs delivered
by cesarean section at a gestational
age of 127 days. Interventions: Sur-
factant supplementation at birth. Five
sustained lung inflations of 16 ml/kg
at different times in relation to sur-
factant instillation. Pressure-limited
mechanical ventilation for 4 h. Mea-
surements and results: The response
to surfactant was assessed by venti-
lator settings, lung mechanics and
lung histology. Preceding surfactant
supplementation did not prevent the
adverse effect of large lung inflations
at birth on ventilatory efficiency and
lung mechanics, but seemed to pro-

tect against severe lung injury. No
adverse effect was seen from large
lung inflations given at 10 min of age
or later. Conclusion: Prophylactic
surfactant supplementation does not
fully protect against the harmful ef-
fect of large lung inflations during a
short sensitive period immediately
after birth.

Keywords Respiratory distress
syndrome · Pulmonary surfactants ·
Resuscitation · Lung recruitment ·
Animals · Newborn
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Introduction

During resuscitation of asphyxiated full-term newborn
infants, manual ventilation is the most important thera-
peutic measure. Vigorous inflation of the lungs with rel-
atively high pressures often results in immediate release
of reflex inhibition of circulation and breathing and a
rapid recruitment of lung volume [1]. In very preterm
infants who fail to establish efficient respiration at birth, a
similar course of action may seem intuitively beneficial.
Indeed, in many centres, the majority of such infants are
intubated and subjected to manual ventilation at birth;
however, retrospective clinical studies have indicated that
such an aggressive respiratory management early in life
increases the risk of chronic lung disease [2, 3, 4, 5], and
it has been suggested that attempts to rapidly recruit lung
volume at birth in preterm infants may be harmful [6, 7].

In immature lambs, a period of hyperventilation [8, 9,
10] or even only a few large lung inflations at birth [11,
12] may blunt the response to subsequent surfactant
treatment and result in lung injury. Mechanical ventilation
of the surfactant-deficient lung results in heterogeneous
lung expansion. Overdistension of structurally immature
lung regions may cause epithelial disruption, proteina-
ceous oedema and surfactant inactivation. Previous ani-
mal studies have indicated that this injury sequence can
be prevented by preceding surfactant supplementation
[13], giving experimental support for the use of prophy-
lactic surfactant in preterm human infants.

Surfactant treatment at birth promotes synchronous
expansion of air spaces [13]; however, even after pro-
phylactic surfactant instillation, resorption of fetal lung
fluid and the establishment of a normal lung capacity
probably occurs much slower in very preterm than in full-
term newborns. In immature lambs receiving surfactant
before the first breath and then undergoing mechanical
ventilation, a maximal inspiratory capacity of 35–40 ml/
kg was not established until around 1 h of life [11, 12].
We therefore hypothesized that the immature lung would
remain sensitive to ventilation with large inflation vol-
umes for some time after surfactant instillation simply
because the lung would still be partly fluid-filled with
limited room for air entry. In the preterm lamb model, we
have previously shown that the response to prophylactic
surfactant treatment will be suboptimal if the instillation
is preceded by large inflations of the lungs (five inflations
of 16 ml/kg) [12]. We now examined the effect of the
same inflation manoeuvre given at various time intervals
(0–60 min) after surfactant treatment.

Materials and methods

Overview of the study

The work reported herein was done in two stages: an exploratory
stage (study A) and a confirmatory stage (study B). Premature
lambs (127 days GA) delivered by caesarean section were used.

Study A

In study A, 12 lambs (three pairs of twins and six singletons; body
weight 3004€727 g) were randomly assigned to four different
treatment groups with three lambs in each group. All lambs re-
ceived surfactant shortly after birth, while the timing of a stan-
dardized large inflation manoeuvre, consisting of five sustained
lung inflations of 16 ml/kg, varied:

Group 1:
Five lung inflations shortly after birth, immediately followed by
surfactant instillation.

Group 2:
The order was reversed, i.e. surfactant instillation before the
first breath, immediately followed by lung inflations.

Group 3:
The same as in group 2, except that 10 min of pressure-limited
mechanical ventilation preceded the large lung inflations.

Group 4
The same as in group 2, except that the large lung inflations
were given 60 min after birth.

The lambs in groups 1 and 2 were thus given “early inflations”
(i.e. shortly after birth), while those in groups 3 and 4 were given
“late inflations” (at 10 min of age or later).

Study B

In the confirmatory study, 10 pairs of twin lambs (body weight
2694€530 g) were studied (S1). All 20 lambs received surfactant
before the first breath. In one lamb in each pair five large lung
inflations were given immediately after surfactant (see group 2
above), while in the other lamb identical size inflations were given
10–15 min after surfactant (at 10 min in the first four pairs and at
15 min in the following six pairs; see group 3 above). Randomi-
sation was arranged so that there were an equal number of first and
second twins in the two groups.

All lambs in both studies were mechanically ventilated in the
pressure control mode for 4 h (S2). Surfactant response was as-
sessed by blood gases (S3), in vivo lung mechanics and post-
mortem investigations. The study was approved by the local review
board for animal research, and the NIH “Principles of laboratory
animal care” were followed.

Procedure and measurements

Anaesthesia of the ewes was as previously described [11]. Details
on the preparation and care of lambs can be found in the electronic
supplement (S4).

An outline of the study is shown in a figure in the electronic
supplement (S5). In all lambs, surfactant was given within a few
minutes after birth. None of the lambs breathed spontaneously
before receiving surfactant. In 29 lambs surfactant was given before
any gas was allowed to enter the lungs and in three lambs (group 1
in study A) it was given just after the lung inflation manoeuvre (see
above). With the lamb held lying on its back, 200 mg/kg (2.5 ml/
kg) of modified natural porcine surfactant (Curosurf, Chiesi Far-
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maceutici, Parma, Italy) was instilled as a single rapid bolus
through a feeding tube, inserted to reach the lower trachea just
beyond the tip of the endotracheal tube.

The lambs were subjected to a standardised lung inflation ma-
noeuvre consisting of five sustained inflations of 16 ml/kg at dif-
ferent time points as indicated above. A large syringe filled with the
requisite volume of air was connected to the tracheal tube via
airtight tubing and emptied into the lungs. The inflation lasted 1–2 s
and was followed by a 5 s post-inspiratory pause. The lungs were
thereafter allowed to empty passively into the atmosphere, while
the syringe was refilled, and the procedure was repeated four times.
The pressure at the first point of no flow during the sustained
inflation was used for statistical calculations (S6).

Static expiratory pressure–volume (P–V) diagrams of the res-
piratory system [14] were recorded at 15, 40, 105, 135, 170 and
240 min after birth (S7).

Two measures were extracted from the P–V curves: inspiratory
capacity (IC), measured as the expired volume between 30 and
0 cm H2O, and maximal static deflation compliance of the respi-
ratory system (Crsmax), i.e. the steepest slope of the P–V curve. The
means from the last two curves of acceptable quality at each stage
were used for the numerical analysis. The values were converted
from ATPS to BTPS conditions by multiplying with 1.09 and were
divided by body weight.

In study A, functional residual capacity (FRC) was measured at
15, 40, 170 and 240 min after birth with a washin–washout tech-
nique, using sulphur hexafluoride as tracer gas [15]. At each stage,
FRC was measured two to five times at 5 cm H2O PEEP, and a
mean value was calculated and corrected for body weight. When
study B was done, the equipment for measuring FRC was not
functioning.

At 4 h, the lamb was killed with intravenous sodium thiopental,
250 mg. Intrapulmonary air volume at 30 cm H2O airway pressure
was measured and perfusion fixation of the lungs was done as
previously described [12] (S8).

Statistical methods are reported in the electronic supplement
(S9).

Results

Exploratory study: study A

Significantly higher airway pressures were generated by
the large lung inflations in the lambs given “early infla-
tions” (groups 1 and 2) than in those given “late infla-
tions” (groups 3 and 4; Fig. 1, left panel). The “early
inflation” lambs were then more difficult to ventilate and
needed significantly higher peak inspiratory pressures at
all time points from 40 min onwards (Fig. 2, left panel;
Table 1). The IC and Crsmax increased during the first
hours in the “late inflation” lambs but remained almost
unchanged in the lambs subjected to “early infla-
tions”(Fig. 3, left panel). The FRC was significantly
higher in the “late inflation” lambs at all time points when
it was measured (Fig. 4). At 4 h, IC, Crsmax and FRC were
all approximately two times higher in the “late inflation”
than in the “early inflation” lambs (Table 1).

Post-mortem intrapulmonary air volume at 30 cm H2O
airway pressure was significantly larger in the “late in-
flation” lambs (Table 1). All six “late inflation” lambs
had a satisfactory response to surfactant, as judged by the
histological findings (at least 75% of alveoli estimated to
be air expanded). In contrast, only one of six “early in-
flation” lambs had a clearly satisfactory response
(p<0.05), and two such lambs had a very unsatisfactory
response (40% and <10% alveolar expansion, respec-
tively).

Fig. 1 Airway pressure during the inflation manoeuvres. Symbols
represent the pressure at the first point of no flow during the first
inflation in each lamb. **p<0.01. Study A is exploratory study: all
lambs were given surfactant shortly after birth, i.e. as prophylaxis,
and in all except group 1, surfactant was given before the first
breath. Group 1, five large inflations (16 ml/kg) just before sur-
factant instillation; group 2, large inflations just after surfactant;
group 3, large inflations at 10 min of age; group 4, large inflations

at 60 min of age. In group 1, the pressure measurement failed in
two out of three lambs. The significance level represents a com-
parison between the “early inflation” lambs (groups 1 and 2) and
the “late inflation” lambs (groups 3 and 4), as indicated. Study B is
confirmatory study: all lambs were given surfactant before the first
breath. Large lung inflations were given either immediately after
surfactant instillation or at 10 or 15 min of age
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Confirmatory study: study B

Airway pressures during the lung inflation manoeuvres

Airway pressure at the first point of no flow during the
first inflation was 44€5 cm H2O in the group subjected to
large inflation at birth and 29€8 cm H2O in the group
given same size of inflations at 10–15 min (p<0.01;
Fig. 1, right panel). Corresponding values for the fifth
inflation were 51€8 cm H2O and 29€8 cm H2O
(p<0.001).

Lung function in vivo

Throughout the study, there was a marked within-group
variation in PaO2. There was no significant difference
between the groups in PaO2 or oxygenation index (OI;
Table 2) at any time point.

During the 4 h of mechanical ventilation, peak inspi-
ratory pressure was adjusted to keep PaCO2 around 6 kPa.
Consequently, after the first hour, there was no significant
difference in PaCO2 between the groups (Table 3). There
was no difference in tidal volumes between the groups
after the first 15 min (Table 4); however, the lambs
subjected to large lung inflations at birth needed signifi-

Fig. 2 Peak inspiratory pressure at different time points during 4 h
of mechanical ventilation. Ventilator pressure was adjusted to keep
PaCO2 around 6 kPa. *p<0.05, **p<0.01. Group symbols are the
same as in Fig. 1. In study A significance levels represent a com-
parison between lambs subjected to early (groups 1 and 2) vs late

(groups 3 and 4) inflations. There is one missing value in group 4 at
15 min, one in group 2 at 40 min, one in group 4 at 135 min and one
in group 3 at 170 min. In study B error bars show standard devi-
ation

Table 1 Ventilatory efficiency
and lung mechanics in vivo at
240 min of age and post-mor-
tem lung volume. PIP peak in-
spiratory pressure, IC inspira-
tory capacity, Crsmax maximal
compliance of the respiratory
system, FRC functional residual
capacity, IPAV post-mortem
intrapulmonary air volume at
30 cm H2O inflation pressure

Study A PIP PaCO2 IC Crsmax FRC IPAV

(cm H2O) (kPa) (ml/kg) (ml/cm H2O/kg) (ml/kg) (ml/kg)

Early inflations 30.4 (5.2) 8.0 (1.5) 21.2 (10.0) 1.6 (0.8) 10.0 (4.7) 40 (16)
(groups 1 and 2)
Late inflations 21.3 (1.4) 6.9 (1.1) 38.6 (7.0) 3.7 (0.7) 20.0 (3.9) 62 (18)
(groups 3 and 4)
p value <0.05 n.s. <0.05 <0.05 <0.05 <0.05

Study B PIP PaCO2 IC Crsmax FRC IPAV

(cm H2O) (kPa) (ml/kg) (ml/cm H2O/kg) (ml/kg) (ml/kg)

Inflation at birth 30.3 (3.3) 6.2 (0.8) 20.3 (6.4) 1.7 (0.6) – 47 (12)
Inflation at 10–15 min 25.6 (4.6) 6.6 (0.7) 28.3 (7.3) 2.9 (1.4) – 55 (12)
p value <0.05 n.s. <0.05 <0.05 n.s.

Numbers are mean with SD in parentheses

Table 2 Oxygenation index in
the confirmatory study (study
B)

5 min 15 min 40 min 120 min 240 min

Inflations at birth 9.6 (0.7) 4.5 (1.4) 5.2 (2) 7.6 (4) 15.3 (12)
Inflations at 10–15 min 5.2 (0.5) 5.0 (0.5) 4.8 (2) 7.9 (6) 11.4 (12)
p value n.s. n.s. n.s. n.s. n.s.

Numbers are mean with SD in parentheses
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cantly higher peak inspiratory pressures to obtain these
tidal volumes than the lambs given large inflations at 10
or 15 min (significant at all time points after the first hour;
Fig. 2, right panel; Table 1).

The IC and Crsmax were less in the lambs given large
inflations immediately after surfactant than in those with
inflations postponed until 10 or 15 min of age (Table 1;
Fig. 3, right panel). In the lambs given large inflations at
birth, Crsmax fell significantly over the 4-h study period
(p<0.01), whereas in the other group, it was unchanged.

Post-mortem observations

None of the lambs had pneumothorax at post-mortem
examination. The intrapulmonary air volume at 30 cm
H2O inflation pressure was 47€12 ml/kg in the lambs
given large inflations at birth and 55€12 ml/kg in lambs

given same size inflations at 10 or 15 min (p=0.11; Table
1).

Five of ten lambs given large inflations after surfactant
at birth had a satisfactory histological response to sur-
factant, compared with seven of ten lambs given large
inflations at 10 or 15 min (not significant). Focal bron-
chiolar necrosis and mild recruitment of granulocytes to
the airspaces were observed in most animals, particularly
in poorly expanded areas, and discrete hyaline mem-
branes in a few, without difference between the groups.

Discussion

We have previously shown that a few large lung inflations
given shortly after birth to immature lambs blunt the lung
mechanical response to subsequent surfactant instillation
and may cause lung injury [11, 12]. The adverse effect
was related to the size of lung inflations but was evident

Table 3 PaCO2 values (in kPa)
in the confirmatory study (study
B)

15 min 40 min 105 min 135 min 170 min 240 min

Inflations at birth 8.6 (3.7) 6.8 (2.2) 5.3 (1.2) 6.0 (1.2) 6.3 (0.9) 6.2 (0.8)
Inflations at 10–15 min 6.7 (4.0) 4.7 (1.7) 4.4 (1.1) 5.9 (1.0) 6.3 (1.1) 6.6 (0.7)
p value n.s. 0.03 n.s. n.s. n.s. n.s.

Numbers are mean with SD in parentheses

Table 4 Tidal volumes (in ml/
kg) in the confirmatory study
(study B)

15 min 40 min 105 min 135 min 170 min 240 min

Inflations at birth 7.9 (2.1) 8.9 (1.4) 8.7 (1.0) 7.9 (1.3) 8.0 (1.2) 8.4 (1.1)
Inflations at 10–15 min 10.9 (1.8) 9.7 (1.8) 8.7 (1.8) 7.1 (1.4) 7.4 (1.3) 7.1(2.8)
p value <0.01 n.s. n.s. n.s. n.s. n.s.

Numbers are mean with SD in parentheses

Fig. 3 Group means for inspi-
ratory capacity (IC) and maxi-
mal static deflation compliance
(Crsmax) at different time points
in the two studies. Group nota-
tions and symbols are the same
as in previous figures. In the
exploratory study (left panel),
the high mean values for IC and
Crsmax in group 3 were caused
by one twin lamb that had an
unusually good lung mechanical
response to surfactant; the other
twin was in group 2
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also with relatively modest volumes, and occurred even if
surfactant was given immediately after the large inflations
[12]. The present article examines whether large infla-
tions are harmful even when given after surfactant treat-
ment, and in that case, for how long after surfactant in-
stillation the lung remains sensitive to such inflations.

An exploratory study (study A) seemed to give clear-
cut results. Five sustained lung inflations (each 16 ml/kg)
severely blunted the lung mechanical response to sur-
factant no matter if surfactant was given immediately
before or immediately after the large inflations. In con-
trast, lambs given same size lung inflations at 10 or
60 min of age had significantly higher IC, FRC and
Crsmax at 4 h of age and were easier to ventilate. The
lungs of the latter lambs also had significantly better al-
veolar expansion in histological sections. These findings
suggested that preceding surfactant instillation would not
protect against the harmful effect of large inflations at
birth, but that the sensitive period was probably very short
as large inflations at 10 min of age did not seem to cause
any harm.

This first study included a small number of lambs from
seven different litters and there was a considerable within-
group variation in lung mechanics. In our experience, a
large variation in lung physiology can be seen in lambs
born at the same gestational age but from different litters,
increasing the risk of chance findings, and emphasizing
the need for twin controls. We therefore made a confir-

matory study (study B) using twin lambs, where one twin
was given large lung inflations immediately after pro-
phylactic surfactant and the other twin was given same
size inflations at 10 min (4 lambs) or 15 min (6 lambs) of
age. There was no difference in the response to large
inflations at 10 vs 15 min of age, so the results from all
twin pairs were pooled.

Study B did confirm an adverse effect of giving large
lung inflations immediately after surfactant, but the effect
was less prominent than suggested by the findings in
study A; thus, the response to surfactant in lambs given
large inflations at birth was not completely blunted but
still unsatisfactory both in terms of lung mechanics and
ventilatory efficiency. There was no significant difference
in alveolar expansion in histological sections, and signs of
lung injury and inflammation were relatively minor.

In both studies, the between-group differences in lung
function became more pronounced over time. It may be
argued that the 4 h of ventilator treatment with possible
tidal opening and closing of lung units contributed to this,
especially as the lambs subjected to large inflations at
birth were later ventilated with higher peak inspiratory
pressures; however, these higher pressures should pri-
marily be regarded as a sign of lung function derange-
ment, not as its cause. The target for ventilation in terms
of PaCO2 was the same in all lambs. The lambs given
large inflations at birth needed higher ventilator settings
to reach this target, but they did not have larger tidal
volumes, and were thus not subjected to a more severe
volutrauma after the initial stage of the study. It is more
probable that the large lung inflations at birth triggered an
injury sequence that manifested itself during the follow-
ing hours of mechanical ventilation. Maybe the conse-
quences of the initial trauma could have been mitigated if
a more protective mode of mechanical ventilation had
been used, but that question was not addressed in the
present study.

Previous animal studies have demonstrated that pro-
phylactic administration of surfactant can protect the
lung against ventilation-induced injury. Grossmann et al.
[13] showed that, in preterm newborn rabbits, treatment
with natural surfactant at birth prevented the ultrastruc-
tural lung injury that was seen in untreated littermate
controls already after a few minutes of mechanical ven-
tilation with a peak pressure of approximately 35 cm
H2O. This protection was effective even though surfac-
tant-treated animals were ventilated with much larger
tidal volumes (31 vs 13 ml/kg). Wada et al. [10] showed
that preterm lambs (gestational age 126–127 days) given
bovine surfactant (Survanta, Abbott Laboratories, North
Chicago, Ill.) at birth could be ventilated (pressure-con-
trol mode, PEEP 4 cm H2O) for 30 min with ventilator
pressure around 40 cm H2O and a target tidal volume of
20 ml/kg without developing lung injury. Our present
study shows that if similar volumes are forced into the
lung immediately following surfactant instillation at

Fig. 4 Group means for functional residual capacity (FRC) mea-
sured during mechanical ventilation with 5 cm H2O PEEP in the
exploratory study (study A). Group notations and symbols are the
same as in previous figures. There is one missing value in group 1
at 15 min, one in group 3 at 40 min, one in group 1 at 170 min, and
one in group 3 at 240 min. The high mean values for FRC in group
3 were caused by one lamb that had an unusually good lung me-
chanical response to surfactant (see Fig. 3). In the confirmatory
study (study B), FRC was not measured
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current knowledge, and the present study suggests that it
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