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ABSTRACT. Surfactant bolus instillation has been re-
ported to cause changes in arterial blood pressure (BP)
and cerebral blood flow velocities which may increase the
risk of intraventricular haemorrhage. To avoid these ef-
fects, slow tracheal infusion was evaluated as a possible
alternative method of surfactant administration. Saline
lung lavages were performed in 13 anesthetized and artifi-
cially ventilated adult rabbits to produce respiratory dis-
tress syndrome. Curosurf (CS, 200 mg/kg) labeled with
14C-dipalmitoyl-phosphatidylcholine (-DPPC) and/or red
microspheres (RMS) was instilled into the trachea either
as a single bolus (n = 8) or by infusion during 45 min via
a side-channel within the wall of the tracheal tube (n = §).
An arterial cannula was placed for monitoring of blood
gases and BP. To determine surfactant distribution, the
lungs were cut into 60-70 pieces and radioactivity and/or
the number of RMS were measured in each piece. The
distribution of RMS was closely related to the distribution
of “C-DPPC (r = 0.96). Bolus instillation of CS led to a
prompt and sustained increase in Pao, (from <10.5 to >40
kPa within 2 min), a transient decrease in BP, and a
reasonably homogeneous pulmonary surfactant distribu-
tion. Tracheal infusion of CS changed neither BP nor Pao,
during the observation period of 60 min. The pulmonary
distribution of CS was extremely uneven after infusion.
The distribution of exogenous surfactant and its effects on
gas exchange are influenced by the instillation method. An
inadequate instillation technique may add to the causes of
“poor response” after surfactant replacement. (Pediatr Res
34: 490-494, 1993)

Abbreviations

CS, Curosurf

PIP, peak inspiratory pressure

PEEP, positive end-expiratory pressure
Pao,, arterial oxygen tension

Paco,, arterial carbon dioxide tension
RMS, red microsphere

DPPC, dipalmitoyl-phosphatidylcholine
BP, blood pressure

Received November 9, 1992; accepted May 6, 1993.

Correspondence: Dr. H. Segerer. Department of Neonatology. Children’s Hos-
pital, Universitatsklinikum Rudolf Virchow, Heubnerweg 6, D-14059 Berlin, Ger-
many.

Supported by a grant from the Deutsche Forschungsgemeinschaft, Ob 43/6-1
(H.S., M.O.). by Chiesi Farmaceutici S.p.a. (H.S.), Italy, and Oscar Il:s Jubileums-
fond (T.C.).

Surfactant therapy of the respiratory distress syndrome has
saved the life of many preterm infants (1). However, the inci-
dence of intraventricular hemorrhage has generally not been
reduced by surfactant rescue treatment (2, 3); this is contrary to
expectations, inasmuch as this new therapy has been shown to
significantly reduce the rate of pneumothoraces (2, 3). The
occurrences of pneumothorax and intracranial hemorrhage are
highly correlated (4, 5). Cowan et al. (6) observed considerable
changes in arterial BP shortly after surfactant administration
parallel to changes in cerebral blood flow velocities in preterm
infants. Such fluctuations have also been reported by others
(7, 8): they may increase the risk of intraventricular hemorrhage
6,9).

To avoid adverse effects to the cerebral circulation, Jorch et
al. (7) and Cowan er al. (6) suggested alternatives to the bolus
instillation of surfactant. However, this latter technique is con-
sidered the only instillation procedure that facilitates a homoge-
neous pulmonary surfactant distribution as a prerequisite for
optimal efficacy (10-12).

The aim of this animal study was to evaluate slow tracheal
infusion of surfactant as a possible alternative to bolus adminis-
tration. Therefore, pulmonary distribution of a labeled natural
surfactant preparation and its effects on pulmonary gas exchange
and BP were compared after standard bolus administration and
after slow tracheal infusion.

MATERIALS AND METHODS

Surfactant preparations and labeling techniques. A natural
porcine surfactant preparation, CS (13) was used. The evapo-
rated, dry material was frozen and kept at —20°C before final
suspension in saline. For radioactive labeling, '“C-DPPC (L-3-
phosphatidyl[N-methyl-'*C]choline-1,2-dipalmitoyl) was used
(Amersham Nederland BV, ’s-Hertogenbosch, The Netherlands).
After dissolving the dry CS in chloroform/methanol 2:1 (vol/
vol), 1.5 uCi of "“C-DPPC (55.5 kBq) was added per g. The
mixture was evaporated to dryness under nitrogen and suspended
in normal saline to a concentration of 50 mg/mL. Each animal
received 200 mg/kg body weight.

To evaluate a nonradioactive labeling technique for surfactant
distribution studies, RMS were also added to the surfactant
preparation. They were obtained in a suspension of 3 x 10°
microspheres/mL aqueous solution (Triton Technology, Inc.,
San Diego, CA), with a diameter of 15.5 = 0.2 um (mean £ SD).
The specific weight is 1.09 g/mL (14): in a CS suspension of 50
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mg/mL in normal saline, the sedimentation rate is less than 0.5
mm/h, whereas in a suspension of 25 mg/mL, it is approximately
10 mm/h. A total of 1.5 x 10° RMS were added to each mL of
the surfactant suspension. After radioactive labeling and addition
of microspheres, the property of the preparation to improve gas
exchange in an animal model of surfactant deficiency (15) was
unchanged (data not shown).

Animal studies. All animal experiments were performed after
approval of the Animal Care and Use Committee of the Erasmus
University, Rotterdam.

Instillation and distribution studies. In 13 adult male New
Zealand White rabbits (Harlan/CPB, Zeist, The Netherlands)
with a body weight of 2.5 + 0.2 kg (mean x SD), anaesthesia
was induced by 1.v. sodium pentobarbital (30 mg/kg body weight)
and maintained by hourly i.v. injections of 10 mg/kg. The
animals were positioned on their back and not moved during
the experiment. An uncuffed tracheal tube (inner diameter 4.0
mm) with monitoring lumen (Mallinckrodt Critical Care, Glens
Falls, NY) was inserted by tracheostomy, and the left femoral
artery was cannulated for blood gas sampling and BP monitoring.
The rabbits were paralyzed (pancuronium bromide 0.1 mg/kg
body weight intramuscularly) and artificially ventilated (Servo
Ventilator 900 C, Siemens-Elema. Solna, Sweden) using the
pressure-controlled mode, with a constant fraction of inspired
oxygen of 1.0, a frequency of 30/min, an inspiration:expiration
ratio of 1:2, and a PEEP of 2 cm H,O (0.2 kPa). The PIP was
initially varied from 8-12 cm H,O (0.8-1.2 kPa) to keep the
expiratory tidal volume (measured by pneumotachography) be-
tween 9 and 12 mL/kg body weight. Thus, Paco, values of 4.6-
6.6 kPa were maintained.

Surfactant deficiency was induced by lung lavages as described
previously (16, 17). At the beginning of the lavage procedure,
PEEP was increased to 6 cm H,O (0.6 kPa), whereas PIP was
increased according to the expiratory tidal volume. Lavages using
30 mL/kg body weight of saline (37°C) were repeated three to
six times until the Pao, was less than 10.5 kPa and did not
increase again during the following 10 min.

Surfactant administration. The rabbits were assigned to two
groups: eight animals received CS by bolus instillation, and five
animals by slow tracheal infusion. For bolus administration, a
Charriere 5 feeding tube was inserted through the lumen of the
tracheal tube and advanced to a point about | cm below the
tube’s tip (18). Surfactant was instilled within approximately 10
s, followed by an injection of 12-14 mL/kg of air. Then the
endotracheal tube was reconnected to the ventilator tubes. Tra-
cheal infusion of surfactant was done during approximately 45
min via the monitoring lumen within the wall of the tracheal
tube. With the latter instillation procedure, no air was injected
and artificial ventilation was not interrupted because the tracheal
tube was not disconnected from the ventilatory tubes. After the
beginning of surfactant instillation, PIP was adjusted whenever
necessary to keep tidal volume and Paco: in the same range as
before lavage. No other changes in ventilatory parameters were
made.

In two rabbits treated with a CS bolus and two rabbits treated
with CS tracheal infusion, the preparation was labeled with both
"“C-DPPC and RMS. All further distribution studies were done
by RMS labeling only.

At 68 min (mean, SEM 1.7 min) after CS bolus instillation or
73 min (mean, SEM 3.3 min; difference statistically not signifi-
cant) after the start of CS infusion, four rabbits of each group
were killed by an overdose of pentobarbital and their lungs
processed for evaluation of the pulmonary surfactant distribu-
tion.

Lung processing. Before the thoracic cage was opened, the
lungs were inflated with a continuous distending pressure of 15
cm H,O (1.5 kPa); as soon as this pressure was achieved, the
tracheal tube was clamped. Lungs and heart were removed en
bloc and immediately frozen by immersion in fluid nitrogen.
After 4 h at —~20°C, the lungs were dissected into 50-70 pieces.
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For this purpose, each lung was cut into five horizontal slices
that were divided into a front, medial, and rear piece. Each of
these pieces were, depending on their size, subdivided into two
or three parts. We tried to avoid weights below 50 mg or above
1000 mg. The weights before thawing and the position of each
piece were noted; the total lung weight of each rabbit was
calculated from these data. Each lung specimen was placed in a
glass test tube (Duran, Schott Glaswerke, Mainz, Germany). For
tissue digestion, 4 M KOH containing 2% Tween 80 were added
in a ratio of 10:1 (vol/wt). After capping the tubes with a Teflon-
sealed screw cap, the samples were placed in a water-bath shaker
for 4 h at 72°C.

Measurement of radioactivity. In those animals that received
radioactively labeled CS, 200 uL of each tissue solution were
mixed with 1 mL of water and 10 mL of Insta-Gel (Packard
Instrument Co., Downers Grove, IL) for liquid scintillation
counting (Tri Carb Liquid Scintillation Analyzer, model 2500
TR, Packard Instrument Co.) Because of transient luminescence,
the samples were not counted before 72 h after preparation. An
external standard was used to control the quenching effect.

Measurement of number of microspheres. The RMS in each
lung piece were recovered by vacuum filtration of the tissue
solution through a membrane (Nuclepore polyester filter, pore
size 8 pm, 25 mm diameter; Costar Europe Ltd., Badhoevedorp,
The Netherlands) (14). To avoid loss of RMS, the test tube was
rinsed with 2% Tween 80 in an aqueous solution, which was
then also filtered. The membrane was placed into an Eppendorf
test tube and allowed to dry overnight. After addition of 600 uL
of dimethylformamide (DMF, Sigma Chemie GmbH, Miinchen,
Germany) to remove the red dye from the microspheres, the
tube was closed and shaken. Five hundred uL of the red fluid
were transferred into a glass microcuvette and the absorbance
was measured at 533 nm (PU 8720 UV/VIS scanning spectro-
photometer, Philips, Eindhoven, The Netherlands). For the cal-
ibration curve, duplicate samples of 4 500, 15 000, 30 000, and
45 000 RMS were treated and analyzed as described above. The
values obtained did not differ whether 4 M KOH or water was
used for dilution, whether the suspension was treated in the
water-bath shaker, or whether the dye solution was centrifuged
before photometry (data not shown).

Data evaluation. Radioactivity (cpm) and number of RMS per
lung piece were compared in four animals. The distribution of
surfactant was calculated from the number of RMS and cpm/g
of each lung piece. From the total number of RMS or cpm
recovered from each animal, and the total lung weight of each
animal, the expected values per g lung weight were calculated.
Values of individual pieces were divided by these expected values.
In this way, normalized distribution values were obtained: they
are presented as histograms with interval widths of 10% about
the expected value of 1.0 (10).

Recoveries were calculated for each animal by summarizing
the number of RMS and cpm in all lung pieces and trachea
samples and dividing these results by the number/radioactivity
in the surfactant suspension delivered to the animal.

Statistical analysis. The Mann-Whitney U test was applied to
evaluate differences between continuous variables in the two
groups. For comparisons of repeated measurements, two-factor
analysis of variance was performed. These procedures and Pear-
son’s correlation coefficient were calculated with the SPSS/PC+
statistical package (SPSS Inc., Chicago, IL). Statistical signifi-
cance was defined as p < 0.05.

RESULTS

Pulmonary distribution of radioactivity and RMS was com-
pared in the four rabbits ventilated for about 70 min after
instillation of double-labeled CS. The lungs were cut into a total
of 258 pieces. The weights of these pieces varied from 49 to 1070
mg with a mean of 436 mg (SD, 227 mg).

The correlation coefficient (r) between the number of RMS
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and the radioactivity per g of each lung piece was 0.92 (r* =
0.85), as was the correlation coefficient between the normalized
distribution values (Fig. 1). The nonnormalized correlation be-
tween the number of RMS to cpm per lung piece was 0.96 for
the 258 pieces. The recovery for RMS 70 min after surfactant
bolus instillation was 80 + 9.0% (n = 4); after infusion, it was
85 + 5.5% (n = 4). This difference was not significant.

After CS bolus instillation, Pao, values increased rapidly
within the first minutes and then slowly during the following
hour (Fig. 24). PIP (Fig. 2B) and mean airway pressure (data
not shown) remained unchanged. Systolic (Fig. 2C) and mean
arterial BP (data not shown) dropped during the first minutes
after surfactant administration. In two animals, PEEP was re-
duced to 2 cm H-O for 2 to 3 min during arterial hypotension.
BP immediately returned to values similar to those measured
before surfactant replacement. The normalized distribution of
surfactant approximately 70 min (68 min, SEM 1.7 min) after
bolus instillation was reasonably homogeneous (Fig. 34). The
proportion of lung pieces receiving <0.15 of the expected number
of RMS per lung weight was very low (mean 2.6%, SEM 2.2%:;
n=4).

Intratracheal infusion of CS was done during 43.6 min (SEM
2.1 min). Figure 2 shows that PIP had to be slightly increased to
keep Paco; values in the normal range, BP remained stable, and
Pao, values did not change during the observation period and
did not show a tendency toward increase even at 60 min after
the onset of infusion. The distribution histogram (Fig. 3B) of
four rabbits killed after approximately 70 min (mean 73 min,
SEM 3.3 min) shows a completely inhomogeneous distribution
with an extremely high proportion of values <0.15 of the ex-
pected value (mean 47%, SEM 8.1%: n = 4). This proportion
was significantly different from that observed after bolus instil-
lation (p < 0.05).

DISCUSSION

Radioactive labeling of surfactant to study its pulmonary
distribution is a well-accepted method. In animal experiments,
the distribution of exogenous surfactant has been investigated by
adding 3H- or '“C-labeled DPPC (10, 11, 12, 19), radioactive
microspheres (20), or other radioactive particles (21) to the
surfactant preparation. However, any method that uses radioac-
tive isotopes has some disadvantages: the laboratory must be
equipped and licensed to handle radioactive material; personnel
must be specially trained and supervised; precautions have to be
observed to avoid contamination of persons and equipment, and
radioactive waste requires separate storage space and disposal.
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Fig. 1. Correlation of normalized values (measured/expected) of

RMS to radioactivity (cpm) in 258 lung pieces of four rabbits ventilated
for 70 min after the start of surfactant instillation. Correlation coefficient
is 0.92; p < 0.0001.
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Fig. 2. Pao. (). PIP (B), and systolic BP (C) in eight rabbits before
and after CS bolus instillation (—e—) and in four rabbits after CS slow
tracheal infusion (..+..). Time axis is discontinuous. Shaded column
represents saline lung lavages. Values are mean + SEM. There were no
significant differences between groups before and after lung lavage. In A,
the differences between the curves are statistically significant by two-
factor analysis of variance (p < 0.01) during the period 2 to 60 min after
the start of surfactant instillation (*). In C, values for the infusion group
are significantly different from the bolus values (p < 0.01, two-factor
analysis of variance) during the period 2 to 15 min after the start of
surfactant instillation (*).

For these reasons, substitution of radioactive methods by other
techniques seems to be desirable. Using RMS, we believe to have
found a nonradioactive method that is suitable for studies of the
pulmonary distribution of exogenous surfactant in animal ex-
periments. Colored microspheres have been used to replace
radioactive microspheres in the measurement of regional myo-
cardial blood flow (14, 22). Radioactive microspheres added to
a surfactant preparation show a similar distribution pattern in
the lung as radioactive DPPC incorporated in the surfactant (20).
The microspheres used in this study have the same size as the
radioactive microspheres used by others (20). Their density (1.09
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Fig. 3. Normalized distribution of RMS after bolus instillation (.4)
and after slow tracheal infusion (B). expressed as the percentage of pieces
of lung in each 10% distribution interval. Each figure represents the
results from four animals (263 lung pieces in 4 and 268 pieces in B:
mean + SEM).

g/mL) is closer to that of physiologic fluids [plasma, blood: 1.02
to 1.05 g/mL, (23)] than is the density of radioactive micro-
spheres [1.3 g/mL (14)].

The results of this study show that use of RMS to determine
the distribution of exogenous surfactant yields data similar to
that with the use of '“C-DPPC. This is surprising because one
expects that particles of 15-um diameter will rapidly separate
from a material that easily spreads to form a thin layer on air-
water interfaces. However, Schiirch ¢r al. (24) (in a study using
latex particles of 6-um diameter or less) recently reported that
small particles are completely coated with surfactant and sub-
merged in the aqueous subphase of the alveolar lining layer. In
other words, these very small particles remain in close contact
with the surfactant. We assume that this mechanism also applies
to microspheres delivered with exogenous surfactant. Micro-
spheres could in this way be ideal vehicles for agents that are
intended to act in the aqueous subphase or on pulmonary
epithelial cells.

As reported in preterm infants (6), surfactant bolus adminis-
tration can cause a sudden decrease in BP. A similar effect was
observed in this animal study (Fig. 2C). The reason for these
fluctuations is unclear; our study was not designed to investigate
this problem. The anecdotal observation in two rabbits suggests
a relation between the level of PEEP and the BP after surfactant
treatment that should be clarified by further investigations.

Such decreases in BP were completely avoided with surfactant
infusion via the monitoring lumen of the tracheal tube. With the
instillation by slow infusion, we not only hoped to avoid BP
decreases and fluctuations of the Pco: (25), but also expected to
obtain a slow onset of the surfactant action so that it would be
possible to titrate the surfactant dose to the desired effect. For
this reason, a relatively long infusion time was chosen.

However, there were no beneficial effects on oxygenation with
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this method of surfactant instillation compared with bolus in-
stillation. The reason for this somewhat disappointing result
seems to be the extremely uneven distribution produced by
surfactant infusion, so that in many parts of the lung the surfac-
tant concentration may be below its critical concentration (26).
Apparently, by slow infusion of CS only a minor part of the total
lung is supplemented by surfactant, so this technique is far from
optimal for clinical practice.

Jobe er al. (10) showed that the distribution of exogenous
surfactant is homogeneous if delivered immediately after birth
but “very nonhomogeneous” if supplied after the onset of me-
chanical ventilation. Gilliard er al. (12) demonstrated that the
larger the volume in which a certain amount of surfactant is
delivered. the more homogeneous is its distribution. Bambang
Oetomo ¢ al. (20) and van der Bleek er al. (27) confirmed these
observations. They found a nonuniform distribution with vol-
umes between 2.4 and 8 mL/kg body weight. In the present
study, the distribution was reasonably although not completely
homogeneous, with a surfactant volume of 4 mL/kg. For a
comparison between these results, methodologic differences
should be considered. van der Bleek et al. (27) used the “moni-
toring lumen™ as a route to the lower trachea; the amount of
surfactant was lower: the time for instillation was longer: the
pressure during instillation was limited; they did not flush the
airways with air; their mode of artificial ventilation was volume
control, at a frequency of 60/min; and the animals were killed
15 min after surfactant instillation. Some of these differing factors
may have an impact on the distribution of the instilled surfactant:
however, to our knowledge, they have not been investigated in
detail up to now.

Heldt et al. (28) describe a normal distribution of exogenous
surfactant instilled into preterm rabbits as a bolus followed by
repeated injections of air either at birth or after 15 min of
ventilation. They cut the lungs of each animal into only 16
pieces. It seems likely that the number of pieces per examined
lung, i.e. the resolving power, influences the results concerning
the uniformity of a distribution: the closer the view, the coarser
the pattern (29).

With the marked differences in the uniformity of distribution
after slow infusion compared with bolus instillation observed in
the present study, we speculate that minor differences in the
bolus instillation technique may lead to differences in the pul-
monary distribution and in the properties of exogenous surfac-
tant. This possibility should be considered when the standard
methods of surfactant instillation used in the controlled surfac-
tant trials of the 1980s (1) and shown to be efficacious are
modified.

Conclusions. The use of RMS in animal studies of surfactant
distribution is a suitable substitute for radioactive labels. It allows
reliable determination of the pulmonary distribution of exoge-
nous surfactant.

The mode of instillation influences the pulmonary distribution
of an exogenous surfactant preparation. The distribution of
surfactant is closely related to its effects on pulmonary gas
exchange.

We speculate that inadequate techniques of surfactant instil-
lation may add to the causes of “poor response” (30) after
surfactant replacement.
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