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Abstract Objective: Surfactant neb-
ulisation is a promising alternative
to surfactant instillation in new-
borns with the respiratory distress
syndrome. Although less surfactant
is deposited in the lung, it improves
gas exchange, probably due to a su-
perior distribution. We hypothesize
that a more uniform distribution of
nebulised surfactant results in a
more uniform pulmonary blood flow
and consequently a more efficient
gas exchange. We asked whether the
pulmonary blood flow changes after
surfactant replacement, and to what
extent pulmonary blood flow is in-
fluenced by the amount of surfac-
tant deposition. Furthermore, we
investigated whether sufficient ne-
bulised surfactant is deposited in the
lungs to achieve a sustained im-
provement in lung function.
Interventions: Surfactant was nebu-
lised or instilled, or saline was nebu-
lised, in 18 lung-lavaged rabbits. Af-
ter 2 h the rabbits were weaned from
mechanical ventilation to continu-
ous positive airway pressure, 40%
oxygen. We measured blood gasses,
dynamic lung compliance, surfac-
tant distribution using 99 m techne-
tium nanocoll label, and the pulmo-
nary blood flow distribution, using
microspheres.

Results: Partial pressure of oxygen
in arterial blood and lung compli-
ance were significantly higher after
surfactant nebulisation than after
saline nebulisation. Surfactant in-
stillation gave a superior effect with
respect to these variables. Nebulised
surfactant was distributed more uni-
formly over the lungs than instilled
surfactant. Although pulmonary
blood flow changed over time, it re-
mained uniformly distributed fol-
lowing both modes of surfactant
treatment. Surfactant deposition
was neither strongly related to pul-
monary blood flow nor strongly re-
lated to the change in blood flow.
Conclusions: Although nebulised
surfactant is uniformly distributed,
we can provide no evidence that this
results in a more uniform pulmonary
blood flow distribution. Therefore,
other than a superior surfactant dis-
tribution, no additional reason was
found for the efficient gas exchange
after nebulisation.
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Introduction

Surfactant treatment has reduced mortality and morbid-
ity in newborns with the neonatal respiratory distress
syndrome [1]. However, not all infants respond to sur-
factant instillation with a sustained improvement in
lung function [2]. Moreover, the incidence of bronchop-
ulmonary dysplasia has not shown a marked decline
since the introduction of surfactant replacement thera-
py [3]. Animal studies have shown that the distribution
of instilled surfactant is often non-uniform and that
non-uniform distribution patterns are associated with
poor clinical response [4, 5]. Recently, several alterna-
tive modes of surfactant administration, which had the
object of achieving more uniform distribution, have
been evaluated [6, 7]. Nebulisation of surfactant im-
proves lung function and results in uniform surfactant
distribution [8±12].

We hypothesize that a more uniform distribution of
nebulised surfactant results in a more uniform expan-
sion of alveoli, which in turn, results in a more uniform
distribution of pulmonary blood flow. This eventually
leads to a better gas exchange and to a superior clinical
outcome. However, the few animal studies on pulmo-
nary blood flow in relation to surfactant therapy are in-
conclusive and incomplete [5, 7, 8, 12, 13]. To clarify
the relation between surfactant distribution and pulmo-
nary blood flow, we compared surfactant nebulisation
and surfactant instillation in rabbits with severe respira-
tory failure. We investigated whether pulmonary blood
flow changes after surfactant replacement, and whether
pulmonary blood flow is influenced by the quantity of
surfactant deposited. Furthermore, we investigated
whether the total amount of surfactant that is deposited
in the lungs through nebulisation is sufficient to achieve
a sustained improvement in lung function.

Materials and methods

Surfactant labelling

We used Alveofact, a bovine derived surfactant that contains
45 mg phospholipids per ml (Dr. Karl Thomae, Biberach an der
Riss, Germany). To assess the distribution of surfactant in the
lungs, we mixed 99m technetium (99mTc) nanocoll (5 MBq in
0.5 ml saline) with surfactant. Nanocoll (Solco, Biomedica, Vercel-
li, Italy) contains human albumin as a nanocolloid with 95% of the
particles smaller than 80 nm. To validate this labelling technique
we added l-3-phosphatidyl 1,2di[1, 14C]-palmitoyl (Amersham, `s
Hertogenbosch, The Netherlands) to this mixture, and compared
the distribution of both labels in preliminary experiments [14].

Animals

The experiments were performed in the central animal laboratory
of the University of Groningen, under approved institutional ani-

mal care protocols with concern for animal welfare. Eighteen
Chinchilla rabbits (2.9 ± 0.1 kg body weight) were anaesthetized
with sodium pentobarbital 30 mg/kg (Nembutal, Abbott, The
Netherlands), tracheotomised, intubated and paralysed with pan-
curonium bromide 0.1 mg/kg (Pavulon, Organon, The Nether-
lands). Additional sodium pentobarbital was given hourly in a 15-
min intravenous infusion.

The rabbits were ventilated with a pressure-limited, time-cy-
cled, neonatal ventilator (Babylog 8000, DraÈgerwerk, LuÈ beck,
Germany). Ventilator settings were: frequency 60/min, inspiratory
time equal to expiratory time at 0.5 s, gas flow was 1.0 l/min per
kg, which yielded a tidal volume varying from 7±8 ml/kg. Peak in-
spiratory pressure was limited at 20 cmH2O, fractional inspired
oxygen (FIO2) was set at 1.0.

After 15 min of stabilisation, the lung lavage procedure was
performed as described previously [15, 16]. In short, the lungs
were lavaged five times with 35 ml/kg saline at 38 °C. After each la-
vage the rabbit was allowed to recover for 5 min. The positive end-
expiratory pressure (PEEP) was increased stepwise to 8 cmH2O.
Fifteen minutes after the last lavage, PEEP was decreased to
5 cmH2O, and after another 15 min, surfactant replacement was
started. Two hours after starting nebulisation or surfactant instilla-
tion, the nebuliser was removed from the ventilator circuit and the
animals were allowed to breath spontaneously by withholding pan-
curonium bromide. When more than 75 % of the minute volume
was achieved by spontaneous breathing, the ventilator was switch-
ed from synchronized intermittent mandatory ventilation to con-
tinuous positive airway pressure (CPAP). During the last hour,
CPAP was decreased from 5 to 2.5 cmH2O. During CPAP, FIO2

was lowered stepwise, every 15 min. The experiment ended when
FIO2 was 0.4, or partial presure of oxygen in arterial blood
was < 8.0 kPa, or the animal died.

Surfactant treatments

In the preliminary experiments, double-labelled surfactant was
nebulised in two lung-lavaged rabbits. The 18 rabbits of the main
study were divided into three groups: (1) SURFNEB group
(n = 6): nebulisation of surfactant 100 mg/kg; (2) SURFINS group
(n = 6): instillation of surfactant 100 mg/kg; (3) SALNEB group
(n = 6): nebulisation of 0.9 % saline 2.5 ml/kg.

In the SURFNEB group, surfactant was nebulised using the
Miniheart low-flow volume medication nebuliser (MiniNEB, Vor-
tran Medical Technology, Sacramento, Calif., USA) tested earlier
during in vitro experiments [17]. This nebuliser produces an aero-
sol with particle sizes that enhance a peripheral deposition of the
surfactant in the lungs (mass median aerodynamic diameter was
3 mm and 70% of the particles were between 1 and 5 mm in diame-
ter) [17]. The nebuliser was connected to the ventilator circuit just
proximal to the endotracheal tube with a gas flow of 1.5 l/min.
When the gas flow through the nebuliser was started, the gas flow
through the ventilator was decreased at the same rate. Then surfac-
tant was nebulised over 90±120 minutes. The ventilator settings
were not changed during nebulisation.

In the SALNEB group the nebuliser was filled with 0.9 % sa-
line instead of surfactant. In the SURFINS group the empty nebul-
iser with a gas flow of 1.5 l/min was also connected to the ventilator
circuit, to obtain similar ventilation. After disconnecting the rabbit
from the ventilator, within 10 s, surfactant was instilled through a
cannula that was positioned with the tip at the end of the endotra-
cheal tube. After instillation, the rabbit was reconnected to the
ventilator, without any change in settings or the position of the rab-
bit.
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Measurements

Arterial partial pressures of oxygen and carbon dioxide (PaO2 and
PaCO2) were measured using theABL 330 blood gas analyser (Ra-
diometer, Copenhagen, Denmark). Dynamic compliances were as-
sessed using computerized flow and pressure measurements of the
Babylog 8000, before and after surfactant administration, and after
weaning. To assess the distribution of the pulmonary blood flow,
four suspensions of different microspheres were injected into the
left jugular vein: before treatment (141Cerium), 15 min following
the onset of surfactant treatment (103Ruthenium), 2 h after (95Nio-
bium) and 4 h after surfactant treatment (113Tin). The diameter of
15 mm of these microspheres ensures entrapment in the capillary
system of the lungs [18]. These injections probably do not affect
the pulmonary blood flow, since a maximum of 300,000 micro-
spheres of each isotope was injected. This ensures that of the total
of 100±200 million capillaries in a rabbit lung, a maximum of
1±2% of the capillaries may be occluded [18±21].

Processing of the lungs

In the preliminary experiments, the lungs were separated in lobes,
frozen by immersion in liquid nitrogen and cut in 200 pieces. For
each piece the radioactivity of 99mTc was counted in a gamma
counter (Packard 5000, Packard Instruments. Meriden Conn,
USA). After 99mTc had decayed (half-life 6 h) each lung piece was
homogenised in 1 ml NCS , quaternary ammonium dissolvent
(Amersham, `s Hertogenbosch, The Netherlands). After resolving
in saline and mixing with scintillation fluid (Ultima Gold XL,
Amersham, `s Hertogenbosch, The Netherlands), each piece was
counted in a liquid scintillation counter. Linear regression analysis
was performed to assess the correlation coefficient between the
two labels. In the main study, the lungs were cut into 200 pieces,
weighed and counted in the gamma counter for the 99 mTc activity.
After 2 days 99mTc had decayed, and the radioactivity of the four
different microspheres were counted.

Data analysis

All values are presented as means ± SEM. Differences in means
between groups were tested for significance by analysis of variance
followed by the Student-Newman-Keuls multiple comparison pro-
cedure or the unpaired Student's t-test. Multiple comparison anal-
ysis of pretreatment and sequential post-treatment values within
each group were assessed using analysis of variance with Dunnett's
post hoc test.

Distribution of surfactant and pulmonary blood flow were ex-
pressed as normalised values and shown as distribution histograms
[4]. Skewness (symmetry) and kurtosis (vaulting) of the distribu-
tions were calculated. These parameters were used to assess to
what extent surfactant and pulmonary blood flow are normally dis-
tributed (SPSS for windows, release 6.0). Correlation coefficients
were calculated by linear regression analysis. Changes in pulmo-
nary blood flow were calculated by subtracting the normalised val-
ues of the pulmonary blood flow at T = 0 from those after surfac-
tant therapy and dividing the remainder by the normalised value
at T = 0. This ratio is multiplied by 100% ( = T15±T0/T0 × 100%).

Results

Preliminary experiments

The 99mTc nanocoll label correlated highly with the 14C-
dipalmitoylphosphatidylcholine label of surfactant. The
correlation coefficient was 0.98. This allows us to con-
clude that 99mTc nanocoll is a valid label for the assess-
ment of surfactant distribution.

Physiological measurements

All surfactant-treated rabbits survived the total dura-
tion of the study, including weaning, while all of the sa-
line treated rabbits failed to achieve sufficient sponta-
neous breathing and died of hypoxia and respiratory ac-
idosis. After surfactant instillation, PaO2 increased
quickly within 15 min from 8.7 ± 1.3 to 24.9 ± 6.4 kPa
and remained this level for 120 min (Fig. 1). Whereas
during surfactant nebulisation PaO2 rose gradually
from 8.0 ± 0.5 to 24.5 ± 4.6 kPa over 120 min, PaO2 did
not change significantly during saline nebulisation.

After surfactant instillation, PaCO2 improved within
15 min from 4.8 ± 0.5 to 3.7 ± 0.3 kPa (Fig. 1). During
surfactant nebulisation, PaCO2 did not change signifi-
cantly (4.6 ± 0.2 to 5.6 ± 0.3 kPa) after 120 min. Howev-
er, during saline nebulisation, PaCO2 increased from
5.1 ± 0.6 to 7.8 ± 0.7 kPa after 120 min. During weaning
the surfactant instillation group showed significantly
higher PaO2 and lower PaCO2 values than the surfac-
tant nebulisation group.

The dynamic compliance at 120 min had decreased
from 0.39 ± 0.04 to 0.20 ± 0.04 ml/cmH2O.kg following
saline nebulisation and from 0.43 ± 0.03 to 0.33 ± 0.04
following surfactant nebulisation at 120 min (not signifi-
cant) and had not changed significantly (0.40 ± 0.04 to
0.42 ± 0.04) after surfactant instillation. After weaning
there was no significant difference in the dynamic com-
pliance of the lungs treated with surfactant nebulisation
(0.31 ± 0.05) and those treated with surfactant instilla-
tion (0.38 ± 0.04).

Surfactant distribution

Instillation yielded non-uniform surfactant distribution
(Fig.2). Many lung pieces contained relatively small
amounts or large amounts of surfactant, while less than
10% of the lung pieces contained an average amount.
After surfactant nebulisation, however, the distribution
is more gaussian, although the top is skewed to the left.
This shift is caused by an unequal lobar distribution. Af-
ter surfactant nebulisation, more than three times the
mean amount of surfactant was deposited in the right
upper lobe (data not shown). In both groups a signifi-
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cantly larger quantity was deposited in the central lung
pieces than in the peripheral lung pieces, but with no sig-
nificant differences between groups.

Of the amount of surfactant that was added to the
nebuliser, 8.4 ± 3.2% was deposited in the lungs. After
instillation 79.3 ± 8.5% of the surfactant dose was de-
posited in the lungs.

Distribution of pulmonary blood flow

The pulmonary blood flow distribution remained uni-
form after both modes of surfactant treatment (Fig. 3).
No significant differences in skewness or kurtosis be-
tween the groups or over time were found (data not
shown). Therefore, one might expect only small changes
in blood flow distribution over time. However, pulmo-
nary perfusion is dynamic, as is shown in Table 1 by the

fact that the regression coefficients (r) decrease over
time. In respect to lobar levels, the lower lobes re-
mained significantly better perfused than the upper
and middle lobes throughout the duration of the experi-
ments, after both modes of surfactant therapy. Further-
more, the central lung parts remained better perfused
than the peripheral lung parts (data not shown).

Relation of surfactant distribution to pulmonary blood
flow distribution

Table 1 shows the regression coefficients of the norma-
lised values of surfactant versus pulmonary blood flow.
Although the pulmonary blood flow correlates signifi-
cantly with the amount of surfactant, before surfactant
instillation and after weaning, none of these relations
are strong.

To rule out the dominant effect of lobar differences
in pulmonary blood flow, the regression coefficients of
changes in pulmonary blood flow and the normalised
amount of surfactant were calculated (Table 1). These
changes in pulmonary blood flow following surfactant
treatment were also not strongly correlated with surfac-
tant deposition. (Data that are not shown are available
on request.)

Discussion

This study in rabbits with severe respiratory failure
shows that nebulisation of surfactant does not result in
a more uniform distribution of pulmonary blood flow
when compared to surfactant instillation. In contrast,
surfactant is distributed more uniformly throughout the
lungs through nebulisation than through instillation.
Furthermore, we found no strong relations between sur-
factant deposition and pulmonary blood flow after both
modes of surfactant therapy. Therefore, we cannot pro-
vide evidence that surfactant nebulisation results in a
more efficient ventilation-perfusion relation than sur-
factant instillation.

We hypothesized that more uniform distribution of
surfactant results in more homogeneous ventilation,
and consequently an equal spread of ventilation pres-
sures throughout the lungs [7]. A gradual pressure dis-
tribution and a homogeneous distribution of alveolar
oxygen tension would result in a uniform perfusion of
alveoli, hence an efficient gas exchange. In contrast, if
surfactant is not uniformly distributed, then those alveo-
li with too low a surfactant deposition will remain col-
lapsed, while sufficient surfactant deposition will lead
to expansion and recruitment of alveoli. Furthermore,
too much surfactant deposition will result in obstruction
or overdistension. The obstructed alveoli will not be ad-
equately ventilated. Overdistension will lead to com-
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Fig.1 PaO2 and PaCO2 (mean ± SEM) after surfactant instillation,
n = 6 solid line, surfactant nebulisation, n = 6 dotted line and saline
nebulisation, n = 6 dashed line. None of the saline-treated animals
survived weaning. *p < 0.05 vs pretreatment values



pression of the capillaries in the wall of the alveoli, caus-
ing decreased perfusion. Consequently, ventilation-per-
fusion relations will be disturbed and gas exchange will
decrease.

In this study, however, we found no differences be-
tween instillation and nebulisation in pulmonary blood
flow distribution or in the relation between surfactant
deposition and pulmonary blood flow. Other variables
may have more impact on the distribution of pulmonary
blood flow. Gravity is known to influence pulmonary
perfusion, causing a base-to-apex gradient [22]. In addi-
tion, gradients from the core to peripheral regions of the
lungs are described [22, 23]. We also found that the low-
er lobes and central lung pieces were better perfused
than the upper lobes and peripheral lung pieces. Howev-
er, these two factors did not change during the experi-
ments and, therefore, can not explain the change in pul-
monary blood flow. It is possible that the relation be-
tween surfactant deposition and blood flow is dominat-
ed by these gradients. Therefore we calculated the
change in pulmonary blood flow and related it to surfac-
tant deposition. Again, we found no strong correlations
between the two variables. Apparently variables other
than surfactant have more impact on the redistribution
of pulmonary blood flow. Positive ventilation and
PEEP are known to influence perfusion [22], but in this
study ventilation regimens were equal in all animals.
Many other variables are thought to influence pulmo-

nary blood flow, e.g. nitric oxide, endothelin, angio-
tensin and eicosanoids. To date, the influence of these
variables has not been thoroughly investigated.

Assessment of ventilation in each lung piece might
have provided useful information. However, traditional
methods such as radioactive xenon or nitrogen washout
curves would not have provided data that could be relat-
ed to surfactant deposition or blood flow in the lung
pieces. Submicronic nebulisation of a radioactive tracer
(99 mTc sulphur colloid) has been used to assess ventila-
tion on the level of lung pieces [7]. We did not apply
this technique for several reasons. Firstly, 99 mTc was al-
ready used to label surfactant. Secondly, we had already
used five isotopes (one for surfactant and four for micr-
ospheres). The administration of more isotopes would
increase the error of calculations, due to overlap in ra-
dioactivity spectra. Thirdly, we think that this method
cannot be sufficiently accurate, since aerosol deposition
depends on more variables than ventilation alone. Thus
aerosol deposition will not reflect ventilation alone [24].

Manthous and Hall reported that aerosol deposition
during mechanical ventilation is determined by four
groups of factors: nebuliser-related, ventilator- and tub-
ing-related, lung injury-related and that related to the
physical properties of the nebulised drug [24]. It is be-
yond the scope of this paper to discuss all these factors
extensively. The few studies of surfactant nebulisation
have indicated that the degree of lung injury influences
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Fig.2 Normalised distribution
histograms of surfactant after
nebulisation (n = 6) or instilla-
tion (n = 6) in lung-lavaged
rabbits. All bars represent
number of lung pieces within
each distribution interval of
10%. All values are means
± SEM

Fig.3 Distribution histograms
of pulmonary blood flow at four
different moments before
(T = 0) and after (T = 15, 120
and 240 min) surfactant nebuli-
sation (n = 6) or surfactant in-
stillation (n = 6). All bars rep-
resent number of lung pieces
within a distribution interval of
10%. All values are means
± SEM



surfactant deposition. Deposition was higher in less in-
jured and more mature lungs than in more injured lung
areas and less mature lungs of lambs [12, 25, 26]. This is
in contrast to in vitro studies, which showed that a gradi-
ent in surface tension is the driving force for surfactant
spread [27, 28], indicating that the more injured areas
are especially attracting exogenous surfactant.

Heterogeneity of lung injury could also have influ-
enced the distributions in this study, since by saline lav-
age some areas can be lavaged more extensively than
others. This induces more extensive initial damage, fol-
lowed by progressive injury by serum protein leakage
and influx of inflammatory cells [16, 29]. We found,
however, a uniform surfactant distribution through neb-
ulisation. This would indicate that the initial lung injury
was uniform, if the conclusions of the earlier studies on
surfactant distribution are applied [25±28]. However,
we cannot prove this with data. Since each of the 200

lung pieces still contain 0.5±1 million alveoli and capil-
laries, microscopy might have given us some insight.
However, it cannot be used to assess distribution
throughout the total lung.

We found that 8.4 mg/kg surfactant deposition after
nebulisation was initially sufficient to accomplish an in-
crease in arterial oxygen tension equal to that of
100 mg/kg instilled surfactant. However, during wean-
ing, gas exchange deteriorated in the nebulisation-treat-
ed animals. Nevertheless, all animals in the surfactant-
treated groups were weaned from mechanical ventila-
tion to spontaneous respiration on CPAP with 40% oxy-
gen, while none of the saline-treated animals could be
weaned. In addition, surfactant nebulisation resulted in
superior dynamic compliances than saline nebulisation.
However, instillation improved these variables more ex-
tensively. We feel that efforts should be made to im-
prove nebulisation techniques, so that larger amounts
of surfactant can be deposited homogeneously through-
out the lungs. That would probably result in more exten-
sive and sustained improvements in lung function [30].

We conclude that, although the pulmonary blood
flow changes over time, this change is not influenced by
the amount of surfactant deposited and that surfactant
nebulisation does not result in a more uniform distribu-
tion of pulmonary blood flow than surfactant instilla-
tion. Therefore, we can provide no evidence that uni-
formly distributed nebulised surfactant results in a
more efficient ventilation-perfusion relation than in-
stilled surfactant. However, in agreement with several
studies, we have shown that by use of surfactant nebuli-
sation even small amounts of alveolar surfactant im-
prove lung function in animals with respiratory failure.
This fact still makes surfactant nebulisation a promising
alternative for the treatment of RDS.
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Table 1 Mean (± SEM) correlation coefficients of pulmonary
blood flow and surfactant deposition before and 15, 120 and
240 min following surfactant nebulisation or instillation (n = 6)

Pulmonary
blood flow at
T = 0 versus
blood flow at
T15/to weaning

Surfactant
deposition ver-
sus pulmonary
blood flow

Surfactant
deposition ver-
sus change in
blood flow from
T15 to weaning

Surfactant nebulisation
T = 0 − 0.01 ± 0.04
T = 15 0.90 ± 0.03 − 0.04 ± 0.02 − 0.03 ± 0.05
T = 120 0.76 ± 0.04 − 0.10 ± 0.05 − 0.15 ± 0.08
T = 240 0.47 ± 0.08 0.07 ± 0.08 0.04 ± 0.05
Weaningb 0.11 ± 0.04

Surfactant instillation
T = 0 0.24 ± 0.09
T = 15 0.72 ± 0.06 0.07 ± 0.16 − 0.16 ± 0.19
T = 120 0.66 ± 0.06 − 0.002 ± 0.12 − 0.27 ± 0.10
T = 240 0.47 ± 0.08 0.30 ± 0.12 0.05 ± 0.12
Weaningb 0.32 ± 0.13

a The correlation coefficients were calculated by linear regression
analysis for each rabbit, for 200 lung pieces: r > 0.15 significant at
p < 0.05 and if r > 0.25 significant at p < 0.001
b Surfactant deposition versus change in pulmonary blood flow
over weaning (from T = 120 to T = 240 min)
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