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Stellingen 

1. Bij een uitsluitend alveolaire surfactant deficientie is eenmalige intratracbeale toe
diening van surfactant in principe voldoende om de longfunktie blijvend te berstel
len. 
(Dit proefschrift) 

2. De waameming dat eenmalige intratracbeale toediening van surfactant bij de pre
matuur geen blijvend berstel van de longfunktie tot gevolg beeft, bewijsl dal de re
utilisatie van surfactant in de type II alveolair cellen onvoldoende is. 
(Dit proefschrift) 

3. De in vitro fysicochemische eigenschappen van een surfactant preparaal hebben 
geen voorspellende waarde voor bet in vivo effekt op de longfunktie. 
(Dit proefschrift) 

4. In tegenstelling lot bevindingen bij volwassenen wordt exogeen toegediend surfac
tant bij prematuren via de lymfevaten uit de long verwijderd. 
(Davis et al. J Lab Clin Med 1987 109: 191-200) (Dit proefschrift) 

5. High-frequency jet ventilatie is geen goed altematief voor conventionele beademing 
bij respiratoire insufficientie als gevolg van surfactant deficientie. 
(Dit proefschrift) 

6. ~gezien er bij bet zogenaamde "adult respiratory distress syndrome" meer sprake 
is van surfactant dysfunktie, dan van een surfactant deficientie, is van de intra
tracheale toediening van exogeen surfactant maar een beperkt effekt te verwacbten. 

7. Het vinden van glycero-3-fosfocholine synthetase aktiviteit in long homogenaat is 
geen bewijs dat glycero-3-fosfocholine geacyleerd kan worden met de uiteindelijke 
vanning van dipalmiloylfosfatidylcholine, zoals gespeculeerd is door Infante. 
(FEBS Lett. 1984 170: 1 - 14) 

8. Bevindingen van epidemiologisch onderzoek naar enkelvoudige oorzaken van wie
gedood dienen, gezien de multifactoriele genese, met de nodige voorzichtigheid te 
worden ge'interpreteerd. 
(Valdez-Dapena M. For Sci Int 1986 30: 177 - 186) 

9. De stelling, dat bet een illusie is om te menen, dat de oplossing van de personeels
problemen in de ziekenhuizen gevonden kan worden door de invoering van vrou
wen-dienstplicbt, is nog steeds van kracht. 
(Proefschrift R. Barnbang Oetomo 1970) 



10. Bij de invoering van markt en concurrentie principes in de gezondheidszorg zal de 
pediatrische patient het kind van de rekening worden. 

11. De mate waarin het belang van de kwalitatieve aspekten van de gezondheidszorg 
wordt beklemtoond is omgekeerd evenredig aan de mate waarin deze aspekten tot 
uitdrukking komen in de planning van de gezondheidszorg. 

12. Het besluit van de regering om de uitbreiding van de capaciteit van intensieve zorg 
voor pasgeborenen gefaseerd over meerdere jaren uit te voeren, wijst op een volko
men miskenning van de noodsituatie die op dit gebied in sommige regio's in ons 
land heerst. 
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Voorwoord 

Voor het tot stand komen van dit proefschrift hen ik dank verschuldigd aan zeer velen. 
Prof.Dr. A. Okken, beste Albert, je was een uitstekend klinisch leermeester voor mij. 
Tevens bracht je mij in contact met wetenschappelijk onderzoek en begeleidde je het 
onderzoek met kritische en stimulerende adviezen. Prof.Dr. Ch.RH. Wildevuur, beste 
Charles jij stelde mij in staat om met het surfactant onderzoek te beginnen. In de 
discussies waren wij het niet altijd eens, maar dit proefschrift is het bewijs dat het heel 
goed mogelijk is om consensus te verkrijgen tussen neonatologen en thoraxchirurgen. 
Prof.Dr. L.M.G. van Golde, beste Bert, ik stel het bijzonder op prijs dat je het co
promotorschap aanvaardde. De nuttige en kritische adviezen die je gaf bepaalden de lijn 
waarlangs het onderzoek werd uitgevoerd. Dr. D-J. Reijngoud, beste Dirk-Jan, tijdens 
de eerste experimenten in het Centraal Dieren Laboratorium die ik verrichtte was jij 
aanwezig en stood mij bij met raad en daad in dit voor mij onbekende terrein. De 
biochemische bepalingen, die jij uitvoerde maakten het mogelijk dat hoofdstuk 6 
geschreven kon worden. 

Prof. B. Robertson, dear Bengt, I thank you for the opportunity that you offered to 
participate in the clinical trial on surfactant treatment The clinical part of this thesis is 
the result of our collaboration. 

Ir. P. Mook, beste Piet, jij ontwierp de high-frequency jet ventilator die ik gebruikte 
voor de experimenten, waarvan de resultaten in hoofdstuk 5 beschreven staan. 

Prof.Dr. J.D. Elema, ik dank u voor de genoten gastvrijheid op het Pathologisch
Anatomisch laboratorium en de nuttige adviezen die u gaf. Drs. C. Schoots, beste Coen, 
jouw enthousiasme, belangstelling voor het surfactant onderzoek en steun bij de histo
logische aspekten hebben een grote bijdrage geleverd aan dit proefschrift. Dr. J. Koud
staal, gaf belangrijke adviezen bij de keuze van de morfometrische technieken, die van 
belang waren voor het schrijven van de hoofdstukken 8 en 9. David Brekhoff hen ik 
dank verschuldigd voor het vervaardigen van de immunohistochemische preparaten. 

Dr. L. de Ley, beste Lou, tussen al jouw werkzaamheden door was je bereid om mee 
te denken aan de uitvoering van mijn onderzoek. Geheel belangeloos bereidde je een 
monoclonaal antilichaam, zodat wij in staat waren om toegediend surfactant te loca
liseren. Anita ter Haar dank ik voor het vele laboratoriumwerk dat zij voor dit onder
zoek verrichtte. 

Dr.Ir. P. Gieles, beste Paul, ik heb veel geleerd tijdens de bezoeken die ik bracht aan 
het Fysisch Laboratorium in Eindhoven, waar ik de metingen van de fysicochemische 
eigenschappen van de surfactant preparaten bijwoonde. De resultaten van deze me
tingen worden in hoofdstuk 7 beschreven. 

Dr. A. Martijn, beste Albert, met genoegen denk ik terug aan de bespreking van de 
rontgen foto's van de patientjes van de klinische studie, die jij beoordeelde. 

Prof.Dr. B. Lachmann, beste Burkhard, ik was buitengewoon getroffen door jouw 
enthousiasme voor mijn onderzoek en voor de gastvrijheid die je bood in jouw 
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laboratorium aan de Erasmus Universiteit, zodat ik een dag na telefonisch kontakt reeds 
proeven kon verrichten. De resultaten van het "Rotterdamse" werk worden in hoofdstuk 

9 beschreven. 
De beer A. Heikamp, beste Alle, ik heb veel waardering voor jouw biotechnische 

kwaliteiten. De vele experimenteer dagen die we gezamelijk doorbrachten zullen een 

aangename herinnering blijven. De beer B.A. Deelstra, beste Bertus ik dank je voor de 
hulp bij de bewerking van gegevens en de administratieve hulp, die je de afgelopen 

jaren verleende. 
De leden van de promotie commissie: Prof.Dr. J.D. Elema, Prof.Dr. H.S.A. Hey

mans en Prof.Dr. G.L. Scherphof dank ik voor bet beoordelen van dit proefschrift. 

Om bet onderzoek een continue voortgang te verlenen waren mijn collegae 
R. Baarsma, W.A. van Asselt en A.F. Bos steeds bereid om mijn klinische werkzaamhe

den over te nemen. Beste Rienk, Wilma en Arie ik ben jullie zeer erkentelijk voor deze 
hulp. De verpleegkundigen van de afdeling neonatologie dank ik voor de zorg en toe
wijding voor de patientjes en de getoonde belangstelling voor mijn onderzoek. 

De figuren in dit proefschrift zijn van de hand van de beer L. Martijn. De afbeel

dingen van rontgen foto's werden vervaardigd door de beer H. van der Zwaag. De 

fotografie van lichtmicroscopische beelden was in handen van de heer H. Wierenga. 
Mw. B. Gauw dank ik voor de secretariele hulp. 

De firma Radiometer stelde een monitor beschikbaar voor de transcutane meting van 

partiele zuurstof- en kooldioxidespanning bij de patientjes. 
De financiele ondersteuning van dit onderzoek werd verkregen in de vorm van een 

starterskrediet van de vakgroep Kindergeneeskunde van de Rijksuniversiteit Groningen 

en van een subsidie van de Dr. Saal van Zwanenberg Stichting. 
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Chapter 1 INTRODUCTION 

3 





1.1 Pulmonary surfactant 

Pulmonary surfactant is a highly surface active lipid protein complex, found in alveolar 
type II cells, in the alveolar lining and the bronchial fluid layer in the lung. Among the 
most important functions of surfactant are the lowering of the surface tension at the air 
liquid interface in the alveoli (1), which prevents atelectasis and pulmonary edema (2). 
In the newborn infant the transition of a fluid filled organ to a gas filled organ 
immediately after birth can only be accomplished in the presence of an adequate 
amount of surfactant (3). In addition surfactant mitigates mechanical shearing forces 
(barotrauma) during mechanical ventilation (4) and contributes to the defense 
mechanisms against microbes through activation of lymphocyte function (5). 

The major components of surfactant are lipids (85-90% ), predominantly phospho
lipids, and proteins (about 10%). Surfactant of various mammals differs slightly in 
phospholipid composition as is shown in table 1. 1. The major component of the phos
pholipids, fully saturated phosphatidylcholine, consists almost exclusively of dipal
mitoylphosphatidylcholine (DPPC). DPPC specifically decreases the surface tension at 
the air/liquid interface of the alveolar lining to almost zero at end expiration (6,7). 
During expiration part of the unsaturated phospholipids are squeezed out the surface 
down into the subphase, leaving a monolayer enriched in DPPC. During inspiration the 
unsaturated phospholipids probably re-enter the monolayer. It appears that the phospho
lipids other than DPPC may accelerate the adsorption of DPPC, since DPPC without the 
other phospholipids only slowly adsorbs at the interface at body temperature. 

The major proteins that are found in surfactant are surfactant protein A (SP-A) with 
a molecular mass between 26 and 38 kDa and surfactant proteins B and C (SP-B and 
SP-C) with a molecular mass between 3 and 18 kDa under reduci{lg conditions. 

Table 1.1. Composition (%) of surfactant phospholipids of various species. Data are averages of 
several studies (30,80-87). 

Human Dog Rabbit Rat Pig 

Phosphatidylcholine 73.0 80.5 80.6 15.5 76.3 
saturated 38.0 44.0 38.7 54.0 46.8 
Phosphatidylglycerol 12.4 6.5 5.3 8.5 4.2 
Phosphatidylserine 3.3 1.5 0.5 1.9 3.2 
Phosphatidylinositol 2.7 3.0 7.4 3.0 4.4 
Phosphatidy lethanolamine 2.6 5.0 4.3 6.2 6.4 
Sphingomyeline 3.7 3.5 1.4 2.8 4.8 

The functions of these proteins are not fully understood but there is evidence that SP-A 
in the presence of Ca2+ promotes adsorption of the surfactant phospholipids to the 
surface (8). Furthermore, studies have shown that the addition of this protein to human 
surfactant phospholipids results in a lower minimal surface tension (9). This larger 
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apoprotein may play a role in the architecture and the metabolism of extracellular 

surfactant, by promoting the re-uptake of surfactant components and inhibiting 

secretion of surfactant components by the type II alveolar cells. SP-B and SP-C, 

characterized as hydrophobic (10), have no structural relationship with the 26-38 kDa 
proteins. These hydrophobic proteins have been shown to improve the dynamic surface 

activity of calf lung surfactant extract (11). It has been shown that a reconstituted 

mixture of synthetic phospholipids and a hydrophobic protein exhibits a minimal 

surface tension on compression that is similar to natural surfactant (12). Hawgood et al. 
have provided evidence that the 3-18 kDa and the 26-38 kDa proteins have a 

ALVEOLAR SPACE 

INTERSTITIUM 

CAPILLARY LUMEN 

MVB 

FATTY ACIDS 
GLUCOSE 
CHOLINE 
PHOSPHATE 

TYPE II 

Fig] .1. Representation of the metabolic pathways of surfactant in the type II alveolar cell 

according to Clements et al . (22) ER= endoplasmatic reticulum; G= Golgi apparatus; LB= 

lamellar body; TM= tubular myeline; MVE= multivesicular endosome; MVB= multivesicular 
body; L= lysosome. 
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cooperative effect on the adsorption of phospholipids to the surface (13). The surfactant 
proteins may stimulate the surfactant re-uptake and thereby be involved in the 
regulation of the recycling of lung surfactant phospholipids (10,14). 

Lung surfactant is produced by type II alveolar cells (15,16). In Fig. 1.1 the intra
cellular routes of surfactant are shown from the synthesis in the endoplasmatic reticu
lum to the secretion into the alveolar space and the re-uptake into the type II alveolar 
cell. This scheme is based on an autoradiographic study of Chevalier and Collet (17), 
who demonstrated that radioactively labeled precursors of surfactant administered to 
mice appeared first in the endoplasmatic reticulum of the type II alveolar cells and 
subsequently in the Golgi complex. Several hours later the label accumulated in 
lamellar bodies. These organelles are considered to be the intracellular storage site of 
surfactant Before secretion the limiting membrane of the lamellar body appears to fuse 
with the plasma membrane of the type II cell (18). Once outside the cell the lamellar 
body changes into characteristic lattice-like structures that are known as tubular myelin 
(18,19). The 26-38 kDa proteins probably play an important role in the transformation 
of the lamellar bodies into tubular myelin (20,21). Tubular myelin can be considered as 
a precursor of the surfactant monolayer at the air/ liquid interface (22), but it is not 
excluded that the content of lamellar bodies can also be directly incorporated in the 
surfactant monolayer. 

Once secreted into the alveolar subphase, there are several possible routes by which 
surfactant can be cleared from the alveolar lining: a) transport into the airways (23,24), 
b) phagocytosis by alveolar macrophages with enzymatic degradation (25,26), c) 
enzymatic degradation within the alveolus (27), d) lymphatic clearance after transport 
across the alveolar epithelium (28, 29) and e) reabsorption by alveolar type II cells 
where degradation or reutilization occurs (28,30). Particularly reutilization by the type 
II cell appears to be a very efficient process. Surfactant which is squeezed out of the 
alveolar monolayer at the air/liquid interface during breathing re-enters the subphase. 
The most likely mechanism of re-uptake of surfactant is endocytosis into multi vesicular 
bodies, which then either fuse with the lamellar bodies or fuse with primary lysosomes. 
It is clear that the rate of turnover of surfactant is determined by several factors 
including synthesis, secretion, reutilization and degradation. Recent studies have shown 
that in adult and developing rabbits the time required to refill the surfactant pool if it 
were empty is in the order of 3 to 10 hours (31,32,33,34). 

1.2 Surfactant deficiency in newborn infants 

Pulmonary surfactant deficiency is a condition leading to a more or less severe respira
tory distress in newborn babies. Prematurely born babies have an increased risk of 
respiratory distress, because the amount of pulmonary surfactant in these infants is less 
than in full-term infants. In fig. 1.2 the relationship is shown between gestational age 
and the concentration of saturated phosphatidylcholine in lung tissue and alveoli. This 
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figure clearly demonstrates that, for example, a lung of a premature baby born at a 
gestation of 27 weeks contains approximately 30% of the phosphatidylcholine content 
of the lung of a full-term infant. In The Netherlands the incidence of hyaline membrane 
disease is approximately 46% of the babies born at a gestation of 32 weeks (35). 

Saturated phosphatidylcholine 
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Fig. 1.2. Concentrations of sarurated phosphatidylcholine in lung tissue and alveoli of the 
developing human, expressed as percentage of term gestation. According to Clements and Tooley 
(36). 

In the beginning of this century in the lungs of newborn infants dying of respiratory 
disease hyaline membranes were found (37,38) and the name Hyaline membrane 
disease was introduced. These "membranes" however were no membranes, but a trans
lucent substance that stained with eosin and filled up alveolar spaces. The discovery of 
"hyaline membranes" diverted the attention of the scientist into the wrong direction 
since these "hyaline membranes" were not the cause of the disease but merely the result 
of the cause (39). The discovery of surface tension at the air/liquid interface in the 
alveoli and an unexpected low surface tension of aqueous lung extracts was made by 
Von Neergaard in 1929 (1). However, abnormal high surface tension was not associated 
with pulmonary disease at that time. The relationship between surfactant deficiency and 
pulmonary disease was not established until 1959 by Avery and Mead (40), who 
demonstrated that lung extracts of very small infants that died from this disease did not 
reduce surface tension below 20 mN/m on surface compression. This observation was 
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confirmed by several investigators, who showed in addition the correlation between 
abnormal surface properties and a decreased amount ofphospholipids (41-43). 

Surfactant deficiency causes clinical signs directly after birth when the aeration of 
the lung talces place. During the first breaths, the fetal pulmonary fluid has to be 
replaced by air. According to the present knowledge, surfactant plays a key role in this 
process. During the first inspirations, air mixes with pulmonary fluid in the airways and 
air bubbles are formed, thereby filling the airways and premature alveoli, the sacculi. 
Surfactant which is present in the pulmonary fluid provides the stability of these air 
bubbles by forming a monolayer along the bubble wall. The "alveolar" lining is 
subsequently formed from the bubble walls inside a sacculus. Surfactant deficiency 
leads to the formation of instable air bubbles which rupture. In this way the air/liquid 
interface returns to the conducting airways at end expiration and the sacculus becomes 
refilled with fetal pulmonary fluid. Consequently the aeration of the premature lung is 
delayed and impaired (44). Clinically this situation is reflected by intercostal retractions 
during inspiration increased respiratory rate and "grunting" (45,46). Incomplete aeration 
of the lung leads to shunting of blood through non-ventilated lung parts resulting in 
arterial hypoxemia and metabolic acidosis. Inadequate alveolar ventilation causes 
retention of CO2 and respiratory acidosis (45). 

The lungs from infants dying from surfactant deficiency show a variety of histo
pathological characteristics, which can easily be explained by the pathophysiology of 
the disease. Liquid filled alveoli are found adjacent to aerated and overdistended 
terminal airways as the result of the tendency of the air/liquid interface to return from 
the alveoli to bronchiolar level. Overdistension during each inspiration causes 
mechanical disruption of the epithelium of the tenninal and respiratory bronchioli 
(47,48). Lesions can develop within a few minutes after birth, even if the baby only has 
been gasping, without assisted ventilation (49,50). Disruption of the epithelium causes 
necrosis and desquamation of the bronchiolar walls and later the alveolar walls. Hyaline 
membranes are the result of necrotic cell debris and fibrin and other proteins that leak 
into the alveolar spaces where the basement membrane is disrupted (51,52). There is 
evidence that some of these leaking proteins are inhibiting the surface tension lowering 
properties of surfactant thereby aggravating the course of the disease (53,54). Plug 
formation out of thickened hyaline membranes leads to obstruction of the terminal 
airways and impairment of gas exchange (55). In babies surviving the first days of the 
disease the number of type II alveolar cells with mature lamellar bodies increases and 
lung function improves (56,57). Other histological characteristics of repair are the 
interstitial proliferation of fibroblasts and histiocytes and the migration of these cells to 
the hyaline membranes which become fragmented and eventually digested by alveolar 
macrophages (56,57,58). This process lasts from 4-5 days to 2 weeks after birth. 
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1.3 Treatment of surfactant deficiency 

Treatment of surfactant deficiency consisted until recently of only symptomatic 
treatment of respiratory failure including the administration of supplementary oxygen, 
bicarbonate buffer and the use of artificial ventilators. After the first favorable reports of 
mechanical ventilation of newborn infants with respiratory failure (59,60,61) , 
complications of this often life saving therapy became visible: pneumothorax, 
pneumomediastinum, pulmonary edema haemorrhage, cor pulmonale and secondary 
infection of the intubated patient. Pulmonary changes that are related to mechanical 
ventilation and the prolonged use of high supplementary oxygen concentrations were 
described by Northway under the term bronchopulmonary dysplasia (BPD) (62). In the 
United States 5 to 30 percent of the infants with respiratory failure due to surfactant 
deficiency develop this chronic emphysematous lung disease (63). Mortality of BPD 
has been reported to be as high as 40 percent during the first year of life (64,65,66). 
Many infants with BPD suffer from physical and emotional morbidity (67,68). 

Recently, a new mode of artificial ventilation has been introduced: High-frequency 
ventilation (HFV). The main differences with the conventional mechanical ventilation 
are a higher than physiological respiratory rate (up to 150-1800 per min) and lower tidal 
volume (less than the anatomical dead space of the lung) (69,70). Effective gas 
exchange is achieved at a lower mean airway pressure than during conventional 
ventilation. The mechanism of gas exchange with HFV is incompletely understood, but 
seems to be achieved by augmented diffusion (71). As barotrauma is promoted by high 
airway pressures it is hoped that high-frequency ventilation eventually will result in a 
decreased incidence of BPD. 

Prevention of hyaline membrane disease by the ante partum administration of 
corticosteroids to the mother was first reported by Liggins in an experimental study 
(72). The action of steroids is enzyme induction in the fetal lung and resulting in 
increased surfactant synthesis (73). A number of clinical studies utilizing maternal 
steroids was carried out and in 1981 the results of a large multicenter clinical trial were 
published (74). This trial showed that the administration of corticosteroids is effective in 
preventing hyaline membrane disease, but is largely dependent on an adequate time 
between the introduction of steroids and delivery. As treatment of premature labour is 
not always succesful, the delivery of premature newborn infants continues. 

Treatment of surfactant deficiency by the administration of exogenous surfactant 
was first attempted by Robillard et al. in 1964 and by Chu et al. in 1967 (75,76). These 
investigators nebulized synthetic dipalmitoylphosphatidylcholine into the airways of 
newborn infants suffering from respiratory distress syndrome. In this studies only a 
transient improvement of lung function was reported. In the early years of 1970 the 
concept of surfactant administration to surfactant deficient subjects was reintroduced by 
Enhorning et al. and by Adams et al. (77,78). These authors used a natural surfactant 
derived from animal lungs that contained apart from the phospholipids also the 
surfactant apoprotein. It was demonstrated that premature animals of different species 
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Table 1.2. Controlled trials of surfactant replacement in newborn infants with hyaline 
membrane disease. 

Author 

Robillard et al. 
(75) 
Chu et al. 
(76) 
Fujiwara et al. 
(79) 
Morely et al. 
(88) 
Halliday et al. 
(89) 
Wilkinson et al. 
(90) 
Wilkinson et al. 
(90) 
Hallman et al. 
(91) 

Enhoming et al. 
(92) 

Kwong etal. 
(93) 

Shapiro et al. 
(94) 

Merritt et al. 
(95) 

Gitlin et al. 
(96) 

Raju et al. 
(97) 

Study design 

Treatment: 
DPPC aerosol 
Treatment: 
DPPC aerosol 
Treatment : 
(surfactant-TA) 
Prevention : 
dryDPPC/PG 
Treatment: 
DPPC/HDL 
Prevention : 
dryDPPC/PG 
Treatment: 
dryDPPC/PG 
Treatment: 
human surfactant 

Prevention : 
art. bovine 
surfactant 

Prevention : 
art bovine 
surfactant 
Prevention : 
art. bovine 
surfactant 
Prevention : 
human surfactant 

Treatment: 
(surfactant-TA) 

Treatment: 
(surfactant-TA) 

Selected conclusions 

No beneficial effects 

No beneficial effects 

Reduced mortality 
in treated patients 
Reduced mortality 
in treated patients 
No beneficial effects 

No beneficial effects 

No beneficial effects 

Reduced mortality, 
reduced severity 
of RDS in treated 
patients 
Reduced mortality, 
severity and compli
cations of RDS in 
treated patients 
Reduced severity of 
RDS in treated 
patients 
Reduced severity of 
RDS in treated 
patients 
Decreased mortality 
and severity of RDS 
reduced incidence of 
BPD in treated 
patients 
Reduced severity of 
RDS in treated 
patients 
Reduced mortality and 
incidence ofBPD in 
treated patients 

• DPPC/PG= Dipalmitoylphosphatidylcholine: Phosphatidylglycerol (7:3); Art. bovine 
surfactant= artificial bovine lung derived surfactant; DPPC/HDL= mixture of 1 g DPPC with 4 ml 
high-density lipoprotein; Surfactant-TA= artificial bovine surfactant enriched with DPPC, 
tripalmitine and palmitic acid. 
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had improved lung mechanics following the instillation of surfactant into the airways at 
birth. Fujiwara et al. were the first to report the beneficial effects of the instillation of a 
bovine derived surfactant on human newborn infants with respiratory distress syndrome 
(79). This surfactant treatment of newborn infants with respiratory distress is presently 
being studied in clinical trials. The results of the trials that have been completed so far 
are summarized in table 1.2. At this stage it can be concluded that surfactant treatment 
of infants with respiratory distress syndrome modifies the course and severity of the 
disease but does not resolve the pulmonary sequelae completely. 

In this thesis the short-term effects of surfactant treatment of newborn infants with 
surfactant deficiency will be described. Subsequently aspects that may influence the 
success of surfactant treatment, as described in chapter 3 will be studied. 
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Chapter 2 SURFACTANT REPLACEMENT THERAPY IN 
NEWBORN INFANTS WITH SURFACTANT 
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2.1 Introduction 

In the previous chapter the results of clinical trials on surfactant replacement therapy in 
respiratory distress syndrome in newborn infants have been summarized. The favorable 
outcome of these trials, that included relatively small numbers, urged the beginning of 
large multicenter clinical trials. We participated in an International multicenter clinical 
study, organized by Robertson from Stockholm Sweden. The aims of the study were : 

- to improve a sustained oxygenation, indicated by the quotient PaO:ifFiO2 by 
100% during six hours after surfactant replacement 

- to reduce the period of artificial ventilation in survivors by 33% 
- to reduce neonatal mortality by 30% 

In this chapter the short term effects of surfactant treatment in the patients that were 
randomized in Groningen will be reported. The long term outcome of all patients that 
were randomized in the study will be published elsewhere. 

2.2 Patients and methods 

The entry criteria for the patients were: 
1. Birth weight 700-2000 g. 
2. Clinical and radiological findings typical for hyaline membrane disease (1). 
3. Postnatal age at treatment 2-15 hours. 
4. Requirement of artificial ventilation. 
5. Requirement of a FiO2 ~ 0.6 to maintain PaO2 ~ 7.5 kPa. 
6. No complicating disease. 

Exclusion criteria were: 
1. Prolonged rupture of membranes ~ 3 weeks ; to avoid cases of pulmonary hypo-

plasia). 
2. Intraventricular haemorrhage of grade III-IV by ultrasound scan. 
3. Birth asphyxia as indicated by early onset seizures. 
4. Major congenital anomalies (e.g., chromosomal aberrations, cardiovascular malfor

mations, Potter's Syndrome, meningomyelocele). 

Complications such as hypoglycemia, metabolic acidosis, anemia, hypotension or 
pneumothorax were treated before inclusion of the patients in the trial. Gastric aspirates 
were taken to aid the diagnosis of streptococcal infection which, if present would 
exclude the baby from the trial. 

The babies were allocated to the surfactant treatment or the control group by 
randomization with sealed envelopes, stratified for birth weight (700-1200 g and 1201 -
2000 g). Before the surfactant instillation procedure the endotracheal tube was rinsed 
with 0.5 ml sodium bicarbonate 1.2% and tracheal aspirate was suctioned. Babies in the 
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treatment group received 200 mg surfactant phospholipids per kg body weight via a 
ch 4 tube through the endotracheal tube in the lower trachea. Half of this dose was 
given when the baby was positioned on the right side and the other half when the baby 
was positioned on the left side. The doses were administered at an interval of 1 minute 
and after each dose the babies were ventilated manually for 1 min, FiO2 1.0. After the 
surfactant instillation procedure the same FiO2 was used as before, but directly reduced 
when the transcutaneous PO2 was higher than 100 mm Hg. No suction of the airways 
was performed during the first hour after surfactant instillation. 

Control babies underwent the tracheal rinsing and suctioning and the manual 
ventilation of 2 min but did not receive surfactant. No placebo or surfactant vehiculum 
was administered. After the instillation procedure the ventilator setting was modified 
according to the clinical response, in order to maintain adequate blood gases (PO2 7.5-
10 kPa, PCO2 4.5-6 kPa, pH ~ 7.30) with the lowest possible levels of FiO2 and 
insufflation pressure. A positive end-expiratory pressure of 5 cm H2O was maintained 
during the whole period of artificial ventilation. Birth weight and gestational age of the 
infants are shown in table 2.1. 

The surfactant preparation used in this study was Curosurf, an artificial porcine 
derived preparation. The preparation is described in chapter 7. 

Table 2.1. Clinical characteristics of the surfactant treated and control patients. 

Group Gestational age Birth weight 
(weeks) (Kg) 

Curosurf 28.9 ± 1.1 1.28 ± 0.25 
(n=7) 
Controls 27.8 ± 1.8 1.25 ± 0.33 
(n=6) 
p- value N.S. N.S. 

Measurement of pH and blood gases 
Arterial blood samples were taken from an umbilical artery catheter before and after 
surfactant treatment according to the protocol. To display the rapid changes in lung 
function, following the administration of surfactant during the first 24 hours the PaO2 
was standardized for the fraction of inspired oxygen by calculating the PO:z!FiO2 ratio. 
In this way P02 values of patients that are ventilated with different FiO2 can be 
compared. For example in a healthy newborn infant, breathing room air, with a PaO2 of 
10 kPa the PaO:z!FiO2 ratio is 10/0.21 = 47. In contrast a baby with hyaline membrane 
disease, artificially ventilated with 100% oxygen and the same PaO2, has a PaO:z1FiO2 
ratio of 10/1.0 = 10. 
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Transcutaneous P02 and PC02 
Transcutaneous PO2 (TcPOz) and transcutaneous PCO2 (TcPCOz) were measured with 
a Tc M222 transcutaneous blood gas monitor with a combined electrode (Radiometer, 
Copenhagen). The electrode was applied on the abdominal skin 30 min before sur
factant treatment. Similar to the arterial PO2 the TcPOz!FiO2 ratio was calculated every 
minute. 

Radiological examinations of the lungs 
Radiological examinations of the lungs were perfonned within 2 hours before, 4 h, 12 h 
and 24 h after surfactant treatment Chest radiographs were scored according to Gideon 
et al. (2) by a pediatric radiologist, who was not infonned about the treatment or control 
allocation of the patients. The scoring system is shown in table 2.2. 

Table 2.2. Scoring system of the radiological examination of the lung according to Giedion (2). 

Score Radiological findings 

1 reticulo-granular pattern 
2 reticulo-granular pattern with air bronchogram 
3 reticu!o-granular pattern with air bronchogram with 

hazy or indistinct cardiac contour 
4 entirely collapsed, i.e. "white lungs" 

This study was approved by the ethical committee of the University Hospital Gronin
gen. Infonned consent was obtained from the parents of the patients. 

Statistical analysis 
All data are reported as mean ± standard deviation (SD), unless stated otherwise. 

Differences of means were tested by means of the Wilcoxon Rank Sum test. A p-value 
of~ 0.05 was considered to be statistically significant. 

2.3 Results 

Blood gases 
PaO2, the PaOz1FiO2 ratio, PaCO2 and arterial pH are shown in figure 2.1. Following 
surfactant instillation the PaO2 increased from 9.18 ± 1.70 to 15.55 ± 7.92 kPa 
(p ~ 0.05) and the PaOz!FiO2 ratio from 14.27 ± 4.39 to 24.40 ± 8.10 (p ~ 0.05). 
Between 2 and 4 hours after surfactant treatment this ratio decreased. While this ratio, 
being significantly higher in the surfactant treated patients compared to the control 
patients during the first 4 hours after treatment, after 4 hours no more differences in the 
PaOz!FiO2 ratio were observed. Arterial PCO2 and pH did not differ between the 
groups. 
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Fig 2.1. Changes in Pa02/Fi02 ratio, PaC02 and arterial pH in newborn infants with hyaline 
membrane disease following surfactant treatment and controls. 
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Fig 2.2. Responses of TcPC02 and TcP02/Fi02 ratio to surfactant instillation (indicated by 
arrows) in surfactant treated and control infants with hyaline membrane disease. 

Transcutaneous P02 and PC02 
In fig 2.2 the TcPO:z/Fi02 ratio and TcPC02 before, during and after surfactant 
treatment are presented. 

Suctioning of the endotracheal tube, prior to the surfactant treatment procedure, 
resulted in a decrease of the TcPO:z!Fi02 ratio to 74.5 ± 4.8, followed by a rise to 218 ± 
33.9 one minute after the procedure in all patients. The surfactant treated patients 
showed a further increase of the TcPO:z!Fi02 ratio to 437 ± 78 after 45 min. Control 
patients showed a decrease of the ratio to 160 ± 31 followed by maintenance of this 
level during the first hour after the procedure. The TcPC02 of both groups of patients 
ranged from 46 to 56 mm Hg before and during the procedure. In the surfactant treated 
patients a gradual decrease of the TcPC02 was observed. One hour after surfactant 
treatment the TcPC02 was 44 ± 4.5 in the treated and 57 ± 6.3 mm Hg in control 
patients respectively. 

Radiological examination of the lungs 
In fig 2.3 a representative series of chest radiographs of a surfactant treated patient is 
shown. It is demonstrated that the aeration of the lung is improved following surfactant 
instillation, but 8 h later a relapse of alveolar collapse has occurred. In table 2.2 the 
scores of the chest film according to Giedion et al. (2) are shown. In 6 out of the 
7 surfactant treated and in 4 out of the 6 control patients there was a decrease of the 
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Fig 23. Series of chest radiographs of a newborn infant with hyalinemembrane disease 
A) before, B) 4 h, C) 12 hand D) 24 h after surfactant treatment. 
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score after 4 h or 12 h. A subsequent deterioration of the radiological pattern was found 
in 3 surfactant treated and in 1 control patient 

Table 2.3 Scores of the chest radiographs according to Giedion et al. (2) of surfactant treated 
and control newborn infants with hyaline membrane disease, before and 4, 12 and 24 h after 
surfactant treatment. 

Patients Score 
before treatment 4h 12h 24 

Curosurf 1 3 2 3 3 
2 2 0 0 0 
3 4 3 3 3 
4 3 3 3 3 
5 2 2 1 1 
6 3 1 2 3 
7 3 3 2 3 

Control 8 3 3 2 2 
9 3 2 1 

10 3 2 2 3 
11 2 2 2 2 
12 3 2 2 
13 3 3 

2.4 Discussion 

The results of this study indicate that treatment of newborn infants with severe hyaline 
membrane disease by the endotracheal instillation of artificial porcine surfactant results 
in a rapid improvement of oxygenation. This is in accordance with other studies (3,4,5) 
in which different surfactant preparations were used. Continuous recording of the 
TcP02 and TcPCO2 demonstrates that the instillation procedure is not associated with 
hypoxemia or hypercapnia. In our study we found that the initial rise of the PaO:z!FiO2 
ratio after surfactant instillation was followed by a decrease within four hours. Control 
patients showed a rise in the PaOifFiO2 ratio in the same period, consequently no 
differences were observed between the surfactant treated and control patients beyond 
6 hours after treatment. Examination of the chest radiographs revealed improvement of 
the scores of the lung in 6 out of 7 treated patients within four to twelve hours after 
treatment. However this improvement was followed by a deterioration of the 
radiological score of the lung in three patients. Hallman et al. reported that 9 out of 
22 patients had to be treated with a second dose surfactant because of renewed oxygen 
requirements of more than 50% (4). 
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From this study we conclude that the beneficial action of surfactant administered to 
newborn infants with hyaline membrane disease is temporary. Factors that are 
responsible for this limited effect of surfactant treatment will be discussed in the next 
chapter. 
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Chapter 3 SCOPE OF THE EXPERIMENTAL STUDY 
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3.1 Background 

From our clinical study and from other reports (1-5) it is known that surfactant 
instillation in newborn infants with surfactant deficiency results in a rapid improvement 
of lung function. The short time effects of surfactant treatment in patients with 
respiratory failure due to surfactant deficiency in our study can be summarized as fol
lows: surfactant treated patients show a transient improvement of the PaO:z!FiO2 ratio 
and the chest X-ray score compared to the control patients. The long-term effects of 
surfactant treatment include a lower ventilatory support, a mitigated clinical course 
(2,3,4), lower incidence of bronchopulmonary dysplasia (BPD) and lower mortality 
(2,4). In the surfactant treated patients of the European Multicenter Trial a lower 
mortality, a lower incidence of pneumothorax and a lower incidence of interstitial 
emphysema was found. Furthermore, less BPD was observed in survivors of the 
surfactant treated group (6). Both the short and long term results of the clinical studies 
are promising, but surfactant treatment of patients with hyaline membrane disease did 
not resolve mortality and morbidity completely. 

3.2 Possible explanation for the temporary action of surfactant 

Mode of artificial ventilation 
Patients with respiratory failure caused by surfactant deficiency are in general 
artificially ventilated with a positive pressure ventilator. Several studies have indicated 
that the large fluctuations of the airway pressure caused by this mode of ventilation are 
responsible for damage to the epithelium of the terminal bronchi (7,8). Ruptured 
epithelium causes leakage of fluid and proteins that inhibit the surface lowering 
properties of surfactant, further aggravating the pulmonary sequelae of the patients (9). 
An alternative for the conventional positive pressure ventilation is high-frequency 
ventilation (HFV). Attractive features of HFV in this respect are a lower mean airway 
pressure and lower pressure swings than with conventional ventilation, consequently a 
lower degree of barotrauma will occur. It has been shown that HFV has no detrimental 
effects on surfactant of normal cats (10) and premature surfactant deficient monkeys 
(11). In addition Ennema et al. found a higher incorporation of radiolabeled 
dipalmitoylphosphatidylcholine in the lamellar body fraction of the type II alveolar 
cells, during HFV compared to conventional ventilation in surfactant deficient rabbits 
(12). This might indicate that recovery from surfactant deficiency is better with HFV 
than with conventional ventilation. It might also be that the beneficial effects of 
surfactant treatment in the surfactant deficient patients could be promoted by HFV. 

Type of surfactant preparation 
Several surfactant preparations have been used for treatment of surfactant deficiency. 
Most preparations are obtained from animal sources. In principle natural crude 
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surfactant is the best for surfactant replacement therapy. However, crude surfactant con
tains approximately 10% protein and when derived from animal sources, it might 
initiate immunological reactions when it is applied in newborn infants. Therefore 
studies with artificial phospholipid mixtures without protein have been used in clinical 
studies, but the results of these preparations were disappointing. To minimize the risk of 
immunological reactions low protein content (artificial) surfactants have been 
introduced. Presently animal lung derived, modified surfactant preparations are tested 
for their physicochemical and physiological properties. The most effective surfactant 
preparation for clinical application has still to be determined. 

Distribution of the instilled surfactant 
The distribution of instilled surfactant over the lungs of surfactant deficient subjects is 
not well established. Ferrara et al. studied the lungs of surfactant treated patients, that 
died of non-pulmonary causes (13). Fibrillar eosinophilic deposits in bronchi and 
alveoli, uniformly distributed over the different lung lobes were considered to be the 
instilled surfactant However, as in this study no specific marker of the instilled sur
factant was used, the nature of the fibrillar deposits has to be determined. Knowledge of 
factors that promote the distribution of exogenous surfactant is of importance for the 
evaluation of the action of surfactant. Presumably the success of surfactant treatment is 
partly dependent on a rapid and homogeneous distribution over the lung. 

Clearance of the instilled surfactant 
Several mechanisms have been described for the clearance of surfactant from the 
alveolar lining, as described in chapter 1. The different routes of removal have been 
investigated by tracer studies, but the fate of therapeutical doses of exogenous surfactant 
in surfactant deficient newborn infants is unknown. It is obvious that a surfactant pre
paration will have a short term action when the clearance from the lung is rapid. 

Reutilization 
There is strong evidence that in the mature lung surfactant participates in a recycling 
process in the type II alveolar cells (14,15,16,17). These reutilization pathways may 
function to restore the surface properties of the surfactant pool. It is unknown whether 
the type II cells of premature newborn infants have the same properties. Presumably 
there is a variable degree of impairment of the ability of the type II cell to "reactivate" 
surfactant in the preterm lung (18). Exogenously administered surfactant either enters 
the complex reutilization pathways or interfers with the surfactant metabolism in an 
unpredictable way. De novo synthesis of phosphatidylcholine is not decreased in 
premature rabbits (19,20) but the secretion of phosphatidylcholine is enhanced (20). 
Further details of the metabolic pathways of administered surfactant have to be 
investigated. 
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3.3 Aim of the present study 

To evaluate the effects of surfactant treatment, the surfactant function can be estimated 
indirectly from changes in lung function. In newborn infants with respiratory distress a 
limited number of lung function parameters can be obtained. For ethical reasons histo
pathological and biochemical examination of lung tissue are impossible to perform 
prospectively in newborn infants. Therefore animal models of surfactant deficiency 
have been introduced to study the aspects that are inaccessible in newborn infants. 

The overall purpose of this study is to investigate factors that might influence the 
action of exogenously instilled surfactant in surfactant deficient newborn infants, We 
attempt to answer the following questions: 

Is high-frequency ventilation to be preferred in surfactant deficient subjects, con
sidering the effects on gas exchange, pressure-volume characteristics of the lung and 
histopathological changes of the airways and lung parenchyma? (chapter 5) 
Do the instilled surfactant phospholipids participate in the surfactant metabolism in 
the type II alveolar cells of surfactant deficient subjects? (chapter 6) 
Is artificial surfactant as good as natural surfactant in surfactant replacement 
therapy? (chapter 7) 

- How is exogenously instilled surfactant distributed in the lungs of surfacmm 
deficient subjects? (chapter 8) 
How is a treatment dose of exogenous surfactant cleared from !he lungs gf surfactant 
deficient subjects? (chapter 9) 
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Chapter 4 MODELS TO STUDY SURFACTANT DEFICIENCY 
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4.1 Introduction 

To study diffferent aspects of surfactant deficiency a number of animal models have 
been introduced. Preterm newborn animals resemble newborn infants with surfactant 
deficiency syndrome. However, beside surfactant deficiency, immature lung structure 
might influence the function of this organ. Therefore models of surfactant deficiency in 
adult animals have been used. In this chapter the most common experimental models to 
study surfactant deficiency will be reviewed. 

4.2 Preterm animals 

Stahlman was the first to publish a report on the experimental production of hyaline 
membranes in artificially ventilated newborn lambs (1). Further studies followed on 
premature lambs (2) and other premature animals: rhesus monkeys (3) and rabbits (4). 
The preterm rabbit delivered after a gestation of 27 days (full-term 31 ± 1 days) is 
surfactant deficient but gas exchange in the lung is possible (5). As these animals are 
usually apnoeic at birth they do not develop respiratory distress symptoms. 

Animal studies provided insights into the effect of surfactant deficiency on lung 
tissue. Severe lesions of the broncho-alveolar epithelium were found in both spon
taneous (6) and artificially ventilated preterm animals (7). Premature animal models 
have been used to study the effects of different surfactant preparations administered via 
the airways. Enhorning and Robertson (8) demonstrated that the distensibility and the 
deflation stability of the premature rabbit lung can be improved by tracheal deposition 
of a surfactant preparation. Other beneficial effects of surfactant supplementation in 
premature rabbits include increased survival rate (9), improved aeration of the lung 
parenchyma (10,11) and increased lung compliance during spontaneous ventilation (12). 
Nilsson et al. demonstrated that the bronchiolar lesions induced by artificial ventilation 
in premature rabbits could be prevented by the administration of surfactant via the 
airways (7). 

The premature rabbit as a surfactant deficiency model, however, has several 
limitations in studying lung function parameters. Evaluation of blood gases during the 
course of surfactant deficiency is not possible in these small animals. As these pre
mature animals remain apnoeic it is no use to wean them from the artificial ventilation 
after surfactant instillation. Measurements of the effects of surfactant replacement on 
the cardiovascular system cannot be carried out in this animal model. The premature 
rabbit on the other hand offers the opportunity to study lung compliance and lung tissue 
specimens. 

The premature monkey, delivered after a gestation of 120 days (term 165 days) has 
an inadequate surfactant synthesis (13), but the lung function is sufficient to allow 
adequate gas exchange for several hours postnatally. Enhorning et al. used this model to 
demonstrate that tracheal deposition of surfactant before the first breath improved gas 
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exchange and in vitro pulmonary mechanics (14). A similar study was carried out by 

Vydiasagar et al. in 1986 (15). These authors showed that surfactant instillation in im

mature baboons, two hours after birth (77% of gestation) resulted in a rapid increase of 

arterial P02, increase of pulmonary compliance and reduction of ventilatory support 

variables . The premature baboon as a model of surfactant deficiency probably ap

proaches the human premature newborn infant the best and all lung function and 

cardiovascular parameters that may respond to surfactant instillation can be measured. 

However, special breeding techniques and long gestation make these models expensive. 

The alveolar epithelium of the preterm surfactant deficient lamb, delivered after a 

gestation of 120 days (full term 145 days) has the structure that permits gas exchange. 

Adequate surfactant production begins during days 135-140 (16,17,18). Surfactant 

deficient newborn lambs develop clinical signs of respiratory distress and histologic 

examination of the lung tissue reveals the same pathologic changes as in the premature 

rabbits (1). Adams et al. found in premature lambs that tracheal instillation of surfactant 

before the first breath results in adequate alveolar expansion, adequate pressure volume 

relationships of the lung and stable blood gases in room air during a two hour study 

period (19). Subsequently this model was used to determine the quantity of surfactant 

that was necessary to prevent respiratory distress syndrome (20). Blood gas values, lung 

mechanics and minimal surface tensions of tracheal aspirates could be studied for 

several hours following surfactant treatment (21,22). In surfactant deficient artificially 

ventilated lambs it was found that endotracheally administered surfactant could be 

inactivated by proteinous exudate (23). Jobe et al. reported that surfactant instillation 

did not affect the cardiovascular status of surfactant deficient lambs (24). To compare 

the effects of different surfactant preparations the lung function of premature lambs has 

been studied following the endotracheal administration of these surfactants (25,26). 

Although the premature lamb is an elegant model to study aspects of surfactant 

deficiency there are some disadvantages. The lungs of prematurely delivered lambs 

after 120 days of gestation are leaky to protein, leading to surfactant inhibition (27). 

Older lamb fetuses after a gestation of 135-140 show a wide variation in the intra 

alveolar surfactant pool size (28), resulting in a variable degree of respiratory disease. 

Another point of concern is the inequality of maturation of the different lung lobes (18) 

which complicates the interpretation of results: for instance in case of studying the 

distribution of administered surfactant or the pulmonary blood flow following surfactant 

treatment in different lung parts. 

The "clinical course" of both the premature lamb and baboon after surfactant 

treatment can be complicated by persistance of the ductus arteriosus, leading to pulmo

nary congestion, interfering with gas exchange. To overcome this problem the ductus 

can be occluded using a balloon catheter (29) in this way the investigator can study 

genuine surfactant deficiency without complicating factors, in the premature lung. 
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4.3 Adult animals 

Several animal models have been proposed to induce surfactant deficiency in adult 
animals. Mechanical removal of the pulmonary surfactant and indirect methods to 
impair surfactant function have been described. To study surfactant deficiency in adult 
animals Lachmann et al. developed a lung lavage model (30). Guinea pigs were 
subjected to a five to ten times bilateral lung lavage with saline to remove alveolar 
surfactant phospholipids. Ennema et al. further standardising this model in rabbits 
showed that five lung lavages of 35 ml per kg body weight removed approximately 80% 
of the total amount of alveolar phospholipids (31). This lung lavage resulted in a 
decrease of the thorax-lung compliance and reduction of 30% of the functional residual 
capacity. To prevent severe hypoxemia after the lavage, the animals had to be artificially 
ventilated with supplementary oxygen and positive end-expiratory pressure to prevent 
alveolar collapse. 

Histologic examination of the lungs of these animals showed atelectasis, des
quamation of bronchial and bronchiolar epithelium and the incipient formation of 
hyaline membranes. It was demonstrated that tracheal instillation of surfactant can 
improve lung function in surfactant deficient lung lavaged rabbits (32,33,34) and guinea 
pigs (35,36). 

Other indirect methods to impair lung function include paraquat and oxygen 
intoxication, viral pneumonia and bilateral vagotomy. Both paraquat and oxygen intoxi
cation not only decrease the surfactant function but cause substantial damage to the 
endothelial and epithelial cells, resulting in intracellular edema, swelling of organelles 
and transudation of fluid into the alveolar spaces (37). In this way a more complicated 
lung disease is induced than desirable. 

Bilateral vagotomy in rats and rabbits leads to alveolar edema, haemorrhage and 
atelectasis, probably caused by a decrease of the amount of surfactant, by removal of 
surfactant (38) or inactivation by the edema fluid (39). Berry et al. showed that res
piratory failure due to bilateral vagotomy can be improved (40). This model, "neuro
genic surfactant dysfunction," has in principle the same advantages and limitations of 
the lung lavage model. However, the time of onset of respiratory failure after the 
vagotomy is rather unpredictable. For our study we choose for practical reasons for the 
lung lavage model in the adult rabbit The clearance of instilled surfactant was studied 
in the premature rabbit 
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PE.E.P. LUNG LAVAGE PROCEDURE 
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Fig. 4.1. Lung lavage procedure to induce surfactant deficiency. The arrows indicate the 

endotracheal injection of NaCl 0.9%. On the vertical axis the positive end-expiratory pressure 

(PEEP) is indicated. 

4.4 The models used in this study 

The adult lung lavaged surfactant deficient rabbit 
For the experiments three-month old chinchilla rabbits were used. These rabbits that 

were bred in the "Centraal Dieren-laboratorium" of the University of Groningen were 

healthy and sustained the procedures. 

Preparation and treatment of the animals 
The rabbits did not receive any food but had free access to water for 24 hours prior to 

the experiment. After anaesthesia (sodium pentobarbital 30 mg per kg body weight i.v.), 

the animals were put into the supine position on a heated mattress. The left carotid 

artery and right jugular vein were cannulated. Subsequently, the animals were intubated 

with a double lumen tube by means of a tracheostomy. The rabbits were then paralyzed 

(pancuronium bromide 0.1 mg per kg body weight) and artificially ventilated (FiO2 1.0) 

using an Amsterdam Infant ventilator :MK III (Hoek Loos Co., Schiedam, The 

Netherlands) set in the volume controlled mode. Tidal volume was set at a level of 8 ml 

per kg body weight at a rate of 60 per minute. Surfactant deficiency was induced by 

lung lavage as follows: NaCl 0.9% (35 ml per kg body weight, at a temperature of 
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38°C) was injected slowly endotracheally and gently withdrawn. This lavage was 
repeated four times with an interval of 5 min, the total lavage procedure took 25 
minutes. Of the instilled fluid 97.7 ± 1.1% could be recovered. Reijngoud et al. (41) 
demonstrated that in this way 80% of the alveolar phospholipids can be removed. While 
the lung lavage procedure was being performed tidal volume was increased from 8 to 10 
ml per kg body weight with a concomitant stepwise increase in positive end-expiratory 
pressure from 0 at the start to 10 cm H2O at the end of the last lung lavage (fig 4.1). 
Thirty minutes after the lung lavage the PEEP was decreased to 5 cm H2O. In fig 4.2 
the effects of the lung lavage on the arterial PO2, PCO2, pH and the static lung 
compliance of the animals are shown. 

The premature surfactant deficient rabbit 
The premature rabbits were delivered by caesarean section according to the protocol 
described before (42). In short: rabbit does were anaesthetized (sodium pentobarbital 
30 mg per kg body weight) and laparotomized 27 days after copulation. The premature 
rabbits were delivered in sequence and immediately tracheostomized, using a metal 
canula as a tracheal tube. After relaxation (0.1 ml pancuronium bromide, Pavulon, 2 mg 
per ml, diluted 1:10, Organon, The Netherlands) the premature rabbits were placed in a 
multiple-chamber, pressure-constant body plethysmograph, heated to 37° C. The trache
al canulas were connected to a respirator system, based on a modified Servo ventilator 
(Siemens-Elema Solna Sweden). The premature rabbits were ventilated in parallel, the 
artificial ventilation was set in the time cycled pressure limited mode: respiratory rate at 
30 per min, inspiratory time 1 sec, a peak inspiratory pressure of 25 cm H2O and 100% 
oxygen. Tidal volume was determined for each animal with a specially designed 
F1eisch-tube connected to the body plethysmograph, a differential pressure transducer 
(Siemens-Elema EMT 34), an amplifier (Siemens-Elema EMT 31), an integrator unit 
(Siemens-Elema EMT 41) and a recorder (Siemens-Elema Micrograph 800). Every 15 
min during the experiments tidal volume was measured and the chestwall-lung 
compliance (tidal volume/trans pulmonary pressure) could be calculated. The premature 
rabbits were considered surfactant deficient when the chestwall-lung compliance did not 
exceed 0.2 ml per cm H2O per kg body weight. The ventilator was set in such a way 
that the animal with the lowest lung compliance was ventilated with a tidal volume of 
10-15 ml per kg body weight. 
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Chapter 5 HIGH-FREQUENCY JET VENTILATION VERSUS 
CONVENTIONAL VENTILATION: FUNCTIONAL 
AND PATHOLOGICAL CHANGES IN THE LUNG 
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5.1 Introduction 

High-frequency ventilation is a mode of artificial ventilation, characterised by a higher 
than physiological respiratory rate and a lower tidal volume than the anatomic dead 
space of the lung. Recently it has been demonstrated that high-frequency ventilation can 
provide effective alveolar ventilation (1,2) at a lower airway pressure than used in 
conventional ventilation. Consequently with high-frequency ventilation the risk of 
barotrauma (3) would be reduced. However severe lesions in the airways (4,5,6) and 
lung parenchyma (7) have been reported during high-frequency ventilation. Most of 
these studies were carried out in animals with normal lungs and so far no reports have 
been published which compare conventional ventilation (CV) with high-frequency jet 
ventilation (HFJV) in animals with abnormal lungs. The aim of this study is to compare 
CV with HFJV at different levels of end-expiratory pressure with respect to the gas 
exchange, pressure-volume characteristics of the lung and pathological changes of the 
airways and lung parenchyma in surfactant deficient rabbits. 

5.2 Methods 

Study design 
Healthy three-month old rabbits (n=22) with a body weight of 2.70 ± 0.14 kg (mean 
± SD) were anaesthetized and artificially ventilated. After half an hour of artificial 
ventilation lung lavage was performed according to the procedure described in chapter 
4. This resulted in severe surfactant deficiency in all animals. In eleven animals the 
mode of the artificial ventilation was changed from CV into HFJV and in the other 
11 animals CV was continued (controls). The ventilators were set in such a way, that 
normocarbia was maintained during the first 30 minutes of both CV and HFJV. 
Thereafter the ventilator settings were not changed, except that the positive end
expiratory pressure (PEEP) was gradually decreased from 5 to 0 cm H20. All animals 
were artificially ventilated for 4.5 hours. A schematic representation of the high
frequency ventilator is shown in figure 5.1. Inspiratory gas is delivered by a high pres
sure gas source, interrupted by a solenoid valve and lead into the trachea via one of the 
lumens of the endotracheal tube. Inspiratory gas entered the trachea at approximately 
2 cm above the carina. Expiratory gas leave the lung through the main lumen of the 
tube. The PEEP level is controlled by an expiratory valve. The HFJV was set at rate of 
300 per minute and once per minute a sigh of 1 sec was given during which the peak 
pressure was limited to 25 cm H20. Ventilation is controlled by adjusting the driving 
pressure of the high pressure gas source. After the first 30 min of HFJV when 
normocarbia was maintained the ventilator settings were not changed, except that in all 
animals the PEEP level was kept at 5 cm H20 for 2 hours, thereafter the PEEP was 
lowered to 2.5 cm H20 followed by a decrease to 0 cm H20 after 1 hour. In the CV 
ventilated animals the peak-inspiratory pressures were 21.5 ± 4.7, 22.0 ± 6.2 and 
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Fig. 5.1. Schematic representation of the high-frequency jet ventilator. 
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22.5 ± 5.2 cm H2O and in the HFJV ventilated animals 10.3 ± 1.9, 8.2 ± 2.2 and 
5.6 ± 1.5 cm H2O ventilating at a PEEP level of 5; 2,5; and 0 cm respectively (p<0.05). 

Lung function measurements were performed during artificial ventilation (studies in 
vivo) and in the intact excised lungs (studies in vitro) after completion of the 

experiments. Subsequently histologic examination of the airways and lung tissues were 
carried out in six high-frequency ventilated animals and in six controls. 

Measurement of blood gases 
Blood samples for the determination of arterial PO2, PCO2, and pH were obtained from 

the left carotic artery. Samples were analyzed using an ABL II blood gas analyzer 
(Radiometer Co., Copenhagen, Denmark). 

Measurement of pressure-volume characteristics 

The pressure-volume characteristics of the excised lungs were obtained, using the 
following procedure: The lungs were deflated in a vacuum jar and then placed in an air
tight box, the trachea was connected to a spirometer outside the box. Volume and 

pressure changes were recorded over a 20 minutes period in which the pressure in the 
box was first lowered to 30 cm H2O, followed by a rise to atmospheric pressure. Static 
compliance at 30 cm H2O, the stability index according to Gruenwald (12) and the 
expansion index according to Clements (13) were determined from these measurements. 
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Histopathologic methods 
Immediately after the pressure-volume measurements in vitro had been performed, the 
lung and trachea were cut into small pieces, airway specimens were taken from the 
position of the tip of the endotracheal tube, the carina region and 0.5 cm distally from 
the carina in left and right mainstem bronchi. Lung parenchyma specimens were taken 
from the apex, from the anterior and posterior part of middle and lower part of each 
lung. These specimens were fixed in formalin 4% and imbedded in paraffine. Three 
micron thick slices were stained with hematoxilin and eosine. All slices were scored 
using a histopathologic scoring system based on that ofOphoven et al. (4) (Table 5.1). 

Table 5.1. Histologic scoring system for the airways and lung parenchyma according to 
Ophoven et al. (4). 

Airway 
Lesions 0 1 2 3 4 

Surface ciliae 
loss absent focal diffuse 
Erosion absent focal < 1{2c > 1/2c total 
Necrosis absent focal <1/2 C > 1{2c total 
Polymorf nuclear 
cell infiltration absent focal, focal, diffuse, diffuse 

scattered dense scattered dense 

lung parenchyma 
lesions 0 1 2 3 

Hyaline 
membranes absent mild moderate severe 
Haemorrhage absent mild moderate severe 
Polymorf nuclear 
cell infiltration absent mild moderate severe 
Alveolar 
overdistension absent mild moderate severe 
Edema absent mild moderate severe 

Statistical analysis 
All data are reported as mean ± standard deviation (SD), unless stated otherwise. 
Differences of means were tested by means of the Mann-Whitney U test. A p-value of 
<0.05 was considered to be statistically significant. 
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5.3 Results 

Arterial blood gas data 
Arterial blood gas data are shown in figure 5.2. During the first two hours of the study 

the PaCO2 remained within the nonnocarbic range in all rabbits. Thirty min after the 

onset of the HFJV PaO2 had increased fromll.95 ± 6.22 to 28.63 ± 16.62 kPa, 

(p<0.05). 
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Fig. 52. Arterial POi and PC02 of surfactant deficient rabbits during high-frequency (open 
circles) and conventional ventilated (closed circles) animals. The different levels of the positive 
end-expiratory pressure (PEEP) is given on the horizontal axis. 
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The CV ventilated animals did not show a significant rise in PaO2. When the PEEP was 
lowered to 2.5 cm H2O a gradual rise in PCO2 in both groups of rabbits was observed. 
In the conventional ventilated rabbits the PaCO2 exceeded the normocarbic range. 
Ventilation at 0 cm PEEP for 15 minutes resulted in a further increase in PaCO2 in both 
CV and in HFJV animals. Until the PEEP level was lowered to 2.5 cm H2O the PaO2 
remained significantly higher in the HFJV ventilated rabbits, thereafter we found a 
significant decrease. At 0 cm PEEP there was no significant difference in PaO2 between 
the CV and HFJV groups of animals. 

Pressure-volume characteristics of the lung 
Pressure-volume characteristics of the lung are shown in table 5.2. The in vitro static 
compliance of the lung was significantly higher in the HFJV ventilated rabbits. The 
stability index and the expansion index, however, were not significantly different 
between the groups. 

Table 5.2. Static compliance, Stability Index according to Gruenwald (12) and Expansion Index 
according to Clements (13), in high frequency (HFN) and conventionally ventilated (CV) 
surfactant deficient rabbits. 

Group 

HFN 
(n=ll) 
CV 
(n=ll) 
p-value 

Static Compliance 
(ml/cm H20/kg body 

weight) 

0.70±0.22 

0.33 ± 0.12 

<0.05 

Stability 
Index 

(ml/ml) 

0.56±0.17 

0.61 ±0.20 

N.S. 

Histopathologic changes in airways and lung parenchyma 

Expansion 
Index 

(%) 

30± 14 

30± 13 

N.S. 

In the airways of all animals erosion and polymorf nuclear cell infiltration were found 
but loss of ciliae of the epithelial cells was predominantly seen in the HFJV ventilated 
animals (p<0.01). Local necrosis in the airways was found in two of the HFJV 
ventilated animals but not in the CV ventilated animals. The carina region was the most 
affected, especially in the HFJV ventilated animals. Examples of the histopathologic 
changes: erosion, necrosis, polymorf nuclear cell infiltration and loss of ciliae are 
shown in figure 5.3 and 5.4. In all animals the lung parenchyma also showed 
histopathologic changes including : Polymorf nuclear cell infiltration, haemorrhages, 
hyaline membrane formation and edema. These lesions were moderate in the apices of 
the lung. The caudo posterior parts of the lungs were the most severely affected. 
Alveolar overdistension as shown in fig. 5.5 was encountered more frequently in the 
HFJV animals (p<0.05). This was located predominantly at the bronchiolar alveolar 
junction and in the sub pleural regions. The scores of the histopathologic changes of the 
HFJV and CV animals are presented in table 5.3. 
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Fig. 5 3 . Representative micro graphs (magnification 350 x) of specimens of the airways of 
HFN ventilated surfactant deficient rabbits. a) erosion, b) necrosis. 
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Fig. 5.4. Representative micrographs (magnification 350 x) of specimens of the airways of 
HFN ventilated surfactant deficient rabbits. a) polymorf nuclear cell infiltration and b) loss of 
ciliae. 
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Fig. 55. Micrograph (magnification 35 x) of a lung parenchyma specimen of a HFN ventilated 

surfactant deficient rabbit, exhibiting severe alveolar overdistension. 

5.4 Discussion 

The aim of the study was to compare high frequency ventilation with conventional 
ventilation with respect to gas exchange, pressure-volume characteristics of the lung 
and histopithologic changes of the airways and lung parenchyma in surfactant deficient 
animals. Like other investigators we found a higher P02 and a higher static lung 
compliance in the HFJV animals. However the histologic examination of the airways 
and the lung parenchyma of these animals showed more severe lesions than the 
conventionally ventilated rabbits. 

The experimental design of the studies reported sofar, comparing HFJV with CV 
differ with respect to the ventilators, applied airway pressure, and duration of the 
experiments. We compared two groups of animals at equal ventilation: the ventilators 
were set in such a way that normocarbia in all animals was maintained during the first 
30 min of the study period. Thereafter the ventilator settings were not changed, except 
that the PEEP was decreased in all animals from 5 to 2.5 and to 0 cm H2O after two and 
three hours respectively. We were able to demonstrate that during normocarbia, the 
PaO2 at a level of 5 cm H2O was higher in the HFJV animals. This is in accordance 
with earlier reports (1,3,8) . Decreasing the PEEP resulted in a rise of PaCO2 and fall of 
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Table 5.3. Histopathological changes in the airways and lung parenchyma of surfactant 
deficient rabbits after 3 hour conventional ventilation (CV) and high-frequency jet ventilation 
(HFN), scored according to Ophoven et al (4). 

Histopathological 
changes 

Airways 

Loss of ciliae 
Erosion 
Necrosis 

Polymorf nuclear 
cell infiltration 

Lung parenchyma 

Hyaline membranes 
Polymorf nuclear 
cell infiltration 
Haemorrhage 
Edema 
Alveolar 
overdistension 

CV 
(n=6) 

1.3 ± 1.5 
3.0±0.6 
0.0±0.0 

6.2±2.0 

2.0±0.6 
2.0±0.6 

2.0±0.9 
1.8 ± 1.0 

1.3 ±0.5 

Score 
HFN 
(n=6) 

5.5 ± 1.4 
4.0±2.1 
0.7 ± 1.2 

8.3±3.6 

1.0±1.1 
2.5±0.5 

2.3±0.8 
2.0±0.9 

2.0±0.0 

p-value 

<0.01 
N.S. 
N.S. 

N.S. 

N.S. 
N.S. 

N.S. 
N.S. 

<0.05 

PaO2 in all animals, indicating that at a lower functional residual capacity HFJV is not 
superior to conventional ventilation with respect to oxygenation. 

The significantly higher static lung compliance in vitro, in the HFJV animals 
indicates that alveolar collapse is less during high-frequency jet ventilation. This 
observation is in accordance with the study of Kolton et al. who reported higher mean 
lung volumes during high frequency oscillation (1). Truog et al. found no differences 
between the pressure volume curves of the lungs comparing high-frequency oscillation 
and conventional ventilation in premature monkeys with RDS (9). These authors could 
not find any improvement in oxygenation of the high-frequency oscillation ventilated 
animals. The higher PaO2 in the HFJV animals in our study might be explained by a 
relatively higher functional residual lung volume in these animals compared to the CV 
ventilated ones. The stability index and expansion index, determined from the pressure 
volume curves of the lung did not show any differences between the groups. These 
findings indicate that the surfactant function in both groups of rabbits is equally 
compromised, which is in accordance with the observation of Truog et al (9). These 
authors were able to demonstrate that the phospholipid content of lung tissue and 
alveolar lavage fluid was equal in high-frequency oscillation ventilated and conven
tionally ventilated premature monkeys with RDS. Apparently there seems to be no 
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difference in the recovery of the endogenous alveolar surfactant between HFJV and CV 

ventilated surfactant deficient rabbits. 
The airways and lung parenchyma of all animals showed severe damage. Although 

histopathologic changes may be partly due to the lung lavage procedure (10) we were 

able to demonstrate significant differences between HFJV and CV ventilated animals. 

Loss of ciliae was found predominantly in the HFJV ventilated rabbits. Injuries that we 

found in the trachea and bronchi of HFJV ventilated animals are consistent with the 

observations of other investigators in cats (4,6) and dogs (5), with normal lungs and in 

newborn infants with hyaline membrane disease (11). In these studies the airwyas were 

examined after a ventilation period of 8, 16 and 72 hours respectively. We found these 

lesions after a period of only three-and-a-half hours. Since in both the CV and HFJV 

rabbits dry gas was used we believe that HFJV is the cause of these lesions and not the 

absence of a humidification system as was suggested by Doyle et al. (5). Hyaline 

membrane formation was found in all animals to the same extent, which was also 

observed by Quan et al. (8). Hamilton et al. reported that the development of hyaline 

membranes was less pronounced in high-frequency ventilated compared to conventional 

ventilated surfactant deficient rabbits (3). However, these investigators used a piston 

pump in addition mean airway pressure was unchanged during their study period. Large 

areas of haemorrhage and polymorf nuclear infiltration were found in all rabbits, as was 

originally reported by Lachmann et al. (10) when this experimental model of respiratory 

distress syndrome was introduced. Therefore haemorrhage and polymorf nuclear cell 

infiltration may not be the result of either CV or HFJV but probably the result of the 

lung lavage procedure. Marked alveolar overdistension was a feature that was pre

dominantly found in the HFJV treated animals. These lesions resemble the pulmonary 

pseudocysts that were described by Ackerman et al. in the premature baboon (7). Hence 

it is possible that the alveolar overdistension is responsible for the higher value that we 

found for the static compliance in the HFJV ventilated rabbits. 

We conclude that high-frequency jet ventilation results in an improvement of 

oxygenation, a higher static compliance of the lung. However, HFJV is also associated 

with severe lesions of both airways and lung parenchyma. The lesions in the airways 

and in the lung parenchyma that we found in this study developed within a four-and-a

half hour ventilatory support This is a much shorter time than reported before in histo

pathologic studies (4,5,6,8). We therefore strongly recommend caution in the 

application of high-frequency jet ventilation in patients with surfactant deficiency. 

Further studies are required to improve this mode of artificial ventilation in such a way 

that the damage to the airways and lung parenchyma can be avoided. 
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Chapter 6 SURFACTANT REPLACEMENT THERAPY: 
EARLY EFFECTS ON LUNG FUNCTION AND 
BIOCHEMICAL ASPECTS 

Part of this chapter is reproduced with permission from Lung 1988. 
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6.1 Introduction 

There are several reports indicating that endotracheal instillation of surfactant into 
newborn animals and human babies with pulmonary surfactant deficiency leads to an 
improvement in lung function. It has, for example, been shown that this treatment 
results in improved pressure-volume characteristics of the lungs, an increase of arterial 
oxygen tension (PaOi.), a decrease of arterial carbon dioxide tension (PaCOi.), and a 
decrease of pulmonary lesions during artificial ventilation (1,2,3,4). Experiments 
reported by Ennema et al. (5) indicated that a modification of the lung surfactant 
deficient rabbit model, originally reported by Lachmann et al. (6), might be suitable for 
putting the effectiveness of instilled surfactant to a more severe test. The aim of the 
present study was to investigate the effectiveness of instilled natural surfactant in 
restoring normal air breathing in surfactant deficient rabbits. 

6.2 Methods 

Study design 
Healthy three-month old rabbits (n=12) with a body weight of 2.68 ± 0.21 kg 
(mean ± SD) were anaesthetized and artificially ventilated. After half an hour of 
artificial ventilation, lung lavage was performed as described in chapter 4, to induce 
surfactant deficiency. Natural surfactant (100 mg phospholipids per kg body weight, 
10 mg/ml) was instilled endotracheally into 6 animals within 45 minutes after the lung 
lavage procedure. During the instillation the position of the animals was changed 
according to Adams et al. (7) in such a way that 30% of the total dose was administered 
to the right lower part of the lung, 30% to the left lower part, 20% to the left upper part, 
and 20% to the right upper part. The same procedure was followed in the case of control 
animals (n=6), except that they did not receive any surfactant or its vehiculum saline 
(From pilot studies we learned that instillation of the saline vehiculum without 
surfactant would drown the surfactant deficient control animals). Two hours after 
surfactant replacement, all animals were weaned from the ventilator in the following 
manner: the PEEP was lowered stepwise from 5 to O cm H2O in the first hours, 
followed by a decrease in FiO2 from 1.0 to 0.21 in the next hour. Animals which were 
able to breathe room air spontaneously were sacrificed after 30 minutes of respiration. 
The whqle procedure lasted 6 to 7 hours. 

Preparation of the surfactant 
Surfactant was recovered by lung lavage from freshly excised sheep lungs using a 
modification of the method reported by Jobe et al. (8) The airways were filled by 
gravity with physiological saline until fully distended and the saline-surfactant 
suspension was drained from the lungs. This procedure was repeated twice. 
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The lavage fluid was centrifuged for 10 minutes at 750 g to remove cells and debris. 
The supernatant was collected and centrifuged 30 minutes at 10,000 g max. The 
resulting pellet was suspended in a small volume of saline and stored at -20°C. Crude 
surfactant preparations of several sheep lungs were collected and purified by zonal 
centrifugation over a discontinuous gradient of saline, containing the crude surfactant 
suspension in saline, 0.7 M sucrose in saline, and 2.4 M sucrose in saline. After 30 min 
at 91,000 g max the surfactant was recovered from the saline 0.7 M sucrose interface. 
After twofold dilution with saline and centrifugation at 30 min at 75,000 g max the 
surfactant was resuspended in saline, brought to a concentration of 10 mg phospholipids 
per ml and stored in samples of 30 ml at - 80 °C under nitrogen. 

Lung function measurements were performed during the artificial ventilation period 
(studies in vivo: compliance of the lung and chest wall, and blood gases) and in intact 
excised lungs (studied in vitro) after completion of the experiment. Phospholipid 
analysis of the lamellar body fraction of the lungs was subsequently carried out. 

Studies in vivo 
The compliance of the lung and chest wall was calculated from the change in 
intratracheal pressure after the inflation of a bolus of air (10 ml per kg body weight) into 
the tracheal tube, immediately after disconnecting the tube from the ventilator. Tracheal 
pressure was measured continuously with a Bentley Trantec 800 pressure transducer 
(Bentley, California, U.S.A.) connected to the endotracheal tube via a side branch. 

Blood samples for the determination of arterial P02, PCO2, and pH were obtained 
from the left carotic artery. Samples were analyzed using an ABL II blood gas analyzer 
(Radiometer Co., Copenhagen, Denmark). 

Studies in vitro 
The pressure-volume characteristics of the excised lungs were obtained, using the 
following procedure: The lungs were deflated in a vacuum jar and then placed in an air
tight box, the trachea was connected to a spirometer outside the box. Volume and 
pressure changes were recorded over a 20 minutes period in which the pressure in the 
box was first lowered to 30 cm H2O, followed by a rise to atmospheric pressure. Static 
compliance at 30 cm H2O, the stability index according to Gruenwald (9) and the 
expansion index according to Clements (10) were determined from these measurements. 

Isolation and phospholipid analysis of the lamellar body fraction 
The phospholipids in the alveolar space of the excised lungs were separated from the 
lung tissue phospholipids by lung lavage: NaCl 0.9% (35 ml per kg body weight) was 
infused and aspirated intratracheally three times. This procedure was repeated 6 to 9 
times using fresh saline each time until the lavage fluid was clear, colourless and 
without foam. Subsequently, the lamellar body fraction was isolated according to the 
method of Duck-Chong (11). Approximately 10 g of the lung tissue was homogenized 
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in 25 ml 1 M sucrose in a Potter-Elvehjem tube, equipped with a teflon pestle (clearance 
0.5 mm), using the method described by Young et al. (12). The homogenate was 
adjusted to 60 ml with 1 M sucrose. Four ml of the homogenate was preserved for lipid 
analysis; the rest was divided into four portions, each of which was filtered. The filtrate 
was adjusted to 60 ml and distributed equally into four 45 ml polycarbonate tubes which 
contained a discontinuous sucrose density gradient consisting of 7 layers of 4 ml each, 
decreasing in sucrose concentration by 0.1 M steps from 0.8 M (bottom) to 0.2 M (top). 
The tubes were centrifuged at 140 g for 15 minutes and then at 25,000 g for 240 minu
tes. An opaque band, at the level of the 0.4-0.5 M sucrose layer (the lamellar body 
fraction), was aspirated and stored at 20°C until lipid analysis was carried out. 

Lipid analysis 
Lung lavage fluid, tracheal fluid and the lamellar body fraction were extracted with 
three volumes of chloroform methanol (2:1, v/v). The chloroform layer was aspirated 
and the upper layer was extracted again with two volumes of chloroform. The 
chloroform layers were combined and evaporated to dryness under N2. The extracted 
lipids were used for the following procedures: 

1. Assay of total phospholipid phosphorus content, according to the method of 
Bhagwani et al. (13). 

2. Separation of individual phospholipids by one-dimensional thin-layer chromato
graphy as reported by Touchstone et al. (14). 

Statistical analysis 
All data are reported as mean ± standard error of the mean (S.E.M.), unless stated 
otherwise. Differences of means were tested by means of the Wilcoxon Rank Sum test. 
A value of p < 0.05 was considered to be statistically significant. 

6.3 Results 

Weaning off the ventilator 
None of the control animals (n=6) survived the weaning procedure, all died while the 
PEEP level was being lowered from 2.5 to 0 cm H2O. The surfactant treated animals 
(n=6) could be successfully weaned maintaining normal blood gas values (pH 7.45 
± 0.01, PaCO2 4.14 ± 0.10, and PaO2 8.77 ± 0.81 kPa) while breathing room air. 

Lung function 
Following lung lavage, lung and chest wall compliance in vivo decreased in all the 
animals from 1.22 ± 0.09 to 0.75 ± 0.05 ml per cm H2O per kg body weight(p < 0.01). 
Control- and surfactant treated rabbits did not differ significantly with respect to 
compliance in vivo before and after lung lavage. Compliance of the lung and chest wall 
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and after the endotracheal administration of natural sheep surfactant. Symbols for surfactant 
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gradual decrease in ventilatory support is given on the horizontal axis including positive end
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in vivo in the surfactant treated rabbits was 0.76 ± 0.06 before and 0.87 ± 0.04 ml per 
cm H2O per kg body weight (p N.S.) after the endotracheal instillation of surfactant. 
The static lung compliance in vitro, the lung stability index according to Gruenwald (9) 
and the expansion index according to Clements (10) are given in table 6.1. 

Table 6.1. Static lung compliance in vitro, stability index according to Gruenwald (9) and 
expansion index according to Clements (10) of the lungs of surfactant treated rabbits and controls 
after weaning from the ventilator. 

Group 

Surfactant 
treated 
(n=6) 

Controls 
(n=6) 

p-value 

Blood gas values 

Static compliance 
(ml/cm H20/Kg body 

weight) 

1.16±0.10 

0.33±0.09 

<0.05 

Stability Expansion 
Index Index 

(ml/ml) (%) 

1.03 ± 0.04 069 ±0.01 

0.45±0.05 0.19 ±0.06 

<0.05 < 0.05 

During the experiments arterial pH, P02, and PCO2 were measured repeatedly in all 
animals. After lung lavage there were no statistically significant differences between the 
control and treated rabbits. Fig. 6.1. shows the data obtained from the control and 
surfactant-treated rabbits. Surfactant replacement resulted in an instantaneous rise in 
arterial P02 from 16.62 ± 3.97 to 49.34 ± 6.03 k.Pa (p<0.05). In the control animals 
there was no change in arterial P02, while the arterial PCO2 gradually increased 
throughout the experiment, with a concomitant decrease of the arterial pH. The 
surfactant treated rabbits showed a slight decrease in arterial PCO2 and constant level of 
arterial pH throughout 
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Table 6.2. Total amount and composition of the phospholipids in the lamellar body fraction of 
the lungs of normal spontaneously breathing rabbits (5), surfactant deficient rabbits and surfactant 
deficient rabbits following surfactant replacement therapy (µmol.lung -1 ). 

Phospholipid content 
(µmol.lung- 1) 

Phospholipid 
composition 

phosphatidylcholine 
phosphatidylglycerol 
lysophosphatidyl
choline 
sphingomyelin 
phosphatidylinositol 
phosphatidyl
ethanolamine 
unknown 

P hospholipids 

Normal 
rabbits 
(n=ll) 

16.6 ± 0.9 

72.7 ± 0.4 
7.9 ±0.1 

0.8 ±0.1 
2.1 ± 0.1 
5.1 ±0.2 

6.0 ±0.2 
4.8 ±0.3 

Surfactant 
deficient 

(n=6) 

2.6±0.2 

60.1±0.7 
7.4 ± 0.7 

1.8 ±0.2 
6.6±0.2 
5.6±0.4 

13.6± 1.0 
5.9 ±0.5 

Surfactant 
treated 
(n=6) 

102.9 ± 7.3 

72.2± 1.1 
10.8±0.6 

1.3 ± 0.2 
2.8±0.3 
2.7 ± 0.3 

4.8 ±0.5 
4.9 ±0.4 

The total amount of surfactant phospholipids administered intratracheally in the sur

factant replacement group of animals was 357 ± 28 µmol (mean ± SD, n=6). The fluid 

aspirated from the trachea during the experiments and from the lung lavage fluid pre

ceding the preparation of the lungs for biochemical analysis, contained 192 ± 47 µmol 

of surfactant phospholipids. Consequently an average amount of 162 ± 52 µmol of 

surfactant phospholipids was retained in the lung. Of this amount. 103 ± 7 µmol were 

recovered from the lamellar body fraction, approximately 28% of the instilled amount. 

The total amount and composition of the phospholipids in the lamellar body fraction of 

normal spontaneous breathing rabbits, surfactant deficient rabbits, and surfactant 

deficient rabbits following surfactant replacement therapy, are represented in table 6.2. 

The major part of the phospholipids consisted of phosphatidylcholine (PC) and 

phosphatidylglycerol (PG). In surfactant deficient rabbits a lower PC and a similar PG 

percentage was found, when levels were compared with those of normal spontaneous 

breathing rabbits. In surfactant treated rabbits, when compared with normal ones we 
found an equal PC and a higher PG percentage. The smaller phospholipid fractions: 

lysophospatidylcholine, sphingomyelin, phosphatidylinositol, and phosphatidylethanol

amine were different in the three groups of rabbits. 
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6.4 Discussion 

The aim of the study was to determine not only the immediate effects of surfactant 
replacement therapy in ventilator dependent, surfactant deficient rabbits, but also to 
study a possible sustained effect of the replaced surfactant. In order to test such a 
sustained effect the ventilatory support was decreased stepwise to zero in all animals 
during the four hours following surfactant replacement. We assumed that the ability of 
surfactant treated animals to maintain normal blood gas values while breathing 
spontaneously in room air would indicate a definite effect of the administered 
surfactant. To eliminate the possibility of spontaneous recovery during the experiment, 
control animals which underwent the same procedure but did not receive surfactant, 
were included in the study. 

The results of this study show that in addition to the immediate rise in arterial P02 
and fall in arterial PCO2, following surfactant replacement, a sustained effect of the 
instilled surfactant is obtained. Treated animals were, indeed, able to re-establish spon
taneous air breathing and maintain normal blood gases. All the control animals died 
demonstrating that there was no sufficient spontaneous recovery of endogenous pulmo
nary surfactant. In our opinion this indicates that this animal model of pulmonary 
surfactant deficiency is not only suitable for studying short-term effects of surfactant 
therapy, but also its sustained effects. 

The rise in arterial P02 and the fall in arterial PCO2 as seen in our animals following 
surfactant therapy is consistent with the results of many other similar studies. The rise in 
arterial P02 and fall in arterial PCO2 did not occur in those surfactant deficient animals 
which did not receive surfactant but underwent the same procedures, including artificial 
ventilation. We therefore do not believe that the rise in P02 and fall in PCO2 in this 
study are the results of the ventilatory regimen as e.g. reported by Hamilton et al. (15) 
but are solely the result of the instilled surfactant. 

A marked reduction in lung and chest wall compliance in vivo was found in all 
animals following lung lavage, a result of the surfactant deficiency. However, no 
significant change in the lung and chest wall compliance in vivo in our animals was 
recorded after the administration of surfactant. A significant change has been reported 
by Jobe et al. (16) and Kobayashi et al. (17). Jobe et al. determined lung and chest wall 
compliance in preterm lambs from tidal volume and from the difference between peak
inspiratory and end-expiratory pressure, maintaining PEEP at the same level. Kobayashi 
et al. (17) determined lung and chest wall compliance in lung lavaged rabbits from the 
change in intratracheal pressure during semi-deflation after initial inflation of the lungs 
with 50 ml of air. In our study lung and chest wall compliance were determined from 
the increase of intratracheal pressure following the inflation of 10 ml of air per kg body 
weight. This procedure included the disconnection of the animal from the ventilator 
tubing. It is, therefore, possible that our measurements were carried out at a lower 
functional residual capacity than those in the study reported by Jobe et al. (16) and 
Kobayashi et al. (17). This would result in a lower sensitivity to changes in lung 
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compliance in vivo. Static lung compliance and the stability index determined from the 
pressure-volume curve in vitro, were restored to almost normal values in the surfactant 
treated rabbits, while these parameters remained abnormal in the control rabbits. The 
higher values for both the stability index and expansion index of the lungs of surfactant 
treated animals reflect a higher alveolar stability in these animals. 

In an attempt to estimate a possible uptake of the instilled surfactant by the lung 
tissue, the amount of phospholipids and their composition in the larnellar body fraction 
isolated from lung tissue of surfactant treated and control animals were determined. To 
avoid contamination with alveolar surfactant, excised lungs were thoroughly lavaged 
before isolation of the lamellar body fraction from the tissue. As we had no better 
indicator for determining the phospholipid content of the alveolar fluid during the 
procedure, we arbitrarily lavaged a variable number of times until the fluid was clear, 
colourless and without foam, assuming that the alveolar phospholipids were then 
removed. The surfactant deficient rabbits showed a marked reduction of the phospho
lipid content of the lamellar body fraction. The question whether this is the result of 
secretion of the stored surfactant phospholipids into the alveolar space remains 
unanswered. A difference in effectiveness of isolation of the lamellar body fraction 
from surfactant treated and control animals cannot be excluded. The results of the 
biochemical analysis (table 6.2) suggest further that a significant amount of the instilled 
surfactant is indeed retained in the lung tissue, most probably in the lamellar bodies of 
the type IT alveolar cells. Assuming that the method employed by us to isolate the 
lamellar body fraction is accurate, the results of our study would indicate that a 
relatively large amount of instilled surfactant was taken up by the type II cells. Recently 
Ikegarni et al. (18) reported the uptake in lung tissue of 3H labeled surfactant phospha
tidylcholine in 3-days old rabbits. These authors, using the same method for separation 
of the alveolar phospholipids from lung tissue as we did, were able to demonstrate a 
phospholipid uptake of 43% of the instilled amount, 3 hours after administration in the 
case of normal rabbits. Having found that there was an uptake in the lamellar body 
fraction of 28% of the instilled phospholipids, we concluded that surfactant deficient 
rabbits are similarly able to retain surfactant phospholipids in the alveolar type II cells. 

The results of this study suggest that this animal model might be an excellent tool 
for determining early therapeutic effects of different surfactant preparations, which 
could help to improve our understanding of surfactant replacement therapy. 
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Chapter 7 COMPARISON OF TWO SURFACTANTS: 
IN VITRO SURFACE PROPERTIES AND EARLY 
EFFECTS ON LUNG FUNCTION 
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7.1 Introduction 

Since the report of Fujiwara et al. (1) a number of clinical trials of surfactant treatment--
of respiratory distress syndrome in newborn infants have been performed. Several types 
of surfactant preparations (2) have been used. In principle natural human surfactant 
should be administered to treat newborn infants with surfactant deficiency. As human 
surfactant is not available in large amounts, surfactant is extracted from animal lungs for 
this purpose (heterologous surfactant). Since natural surfactant contains approximately 
10% protein, immunological reactions after the endotracheal administration of 
heterologous surfactant may occur. To avoid these reactions surfactant preparations for 
clinical use have been introduced, that have been modified in such a way that the 
protein content is minimized to about 1 %. These surfactant preparations are called 
artificial surfactants. 

Treatment with artificial surfactant, derived from heterologous animal sources like 
calf and pigs, resulted in reduced mortality (1,3, 7) and in reduced severity of respiratory 
distress syndrome (1,3,4,5,6,7). Treatment with homologous surfactant, derived from 
human amniotic fluid resulted also in reduced mortality and severity of the respiratory 
distress syndrome (8,9). Morley et al. used a synthetic surfactant preparation (a mixture 
of pure phospholipids) and found a decrease of mortality in the treated patients (10,11). 
However, other investigators found no beneficial effects of synthetic surfactant (12,13). 

In search for the most effective surfactant to use in clinical trials on surfactant 
replacement therapy, several comparative studies in laboratory animals have been 
reported. It was found that both synthetic surfactant and natural surfactant improved the 
lung compliance and survival, but did not prevent bronchiolar epithelial lesions in 
premature rabbits (14,15). Recently the relationship between the biochemical compo
sition, the in vitro surface properties and the in vivo responses of surfactant preparations 
has been investigated (16,17,18). So far it is concluded that the physiological response 
to surfactant could not be predicted based on the in vitro surface properties. 

The aim of our study was to compare an artificial porcine derived surfactant (APS), 
which is presently used in a collaborative multicenter clinical trial and natural sheep 
surfactant preparation (NSS). The surface properties of these preparations are charac
terized and the results of endotracheal instillation of these surfactants will be studied in 
surfactant deficient rabbits. 

7.2 Methods 

Study design 
The in vitro properties of both surfactant preparations were determined on a Wilhelmy 
balance and with an oscillating bubble technique. 

Healthy three-month old rabbits (n=l2) with a body weight of 2.65 ± 0.16 kg (mean 
± SD) were anaesthetized and artificially ventilated. After half an hour of artificial 
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ventilation lung lavage was perfonned via the endotracheal tube, according to the 

protocol described in chapter 4. In six animals APS, with a low protein content was 

administered endotracheally, six other animals received the NSS. Subsequently, all 

animals were weaned from the ventilator. The surfactant instillation and weaning proce

dures are described in detail in chapter 6. The experiments lasted 6 to 7 hours. Lung 

function measurements were perfonned during the artificial ventilation period (studies 

in vivo) and in intact excised lungs (studies in vitro) after completion of the experiment. 

Preparation of the surf act ants 
Porcine surfactant is prepared in the Karolinska Institute by Curstedt as reported by 

Noack et al. (20) In short: Lungs from recently slaughtered pigs are minced and the 

tissue fragments washed with nonnal saline (2-3 I/kg tissue). After filtration, the 

preparation is centrifuged at 1,000 x g and 20° C for 15 min to remove cell debris. 

Subsequently the supernatant is centrifuged at 3,000 x g and 4 ° C for 2 h to obtain 

pellets of crude surfactant. These pellets are extracted with chlorofonn: methanol (2:1). 

The lipids are fractionated by liquid-gel chromatography (Lipidex 5000) into lipids, 

fatty acids, cholesterol, triglycerides and cholesteryl esters. The material recovered in 

the phospholipid fraction is dried and stored in sterile vials at 70°C. Before use the 

preparation is suspended in sterile saline at a phospholipid concentration of 80 mg per 

ml. This surfactant contains approximately 99% w/w polar lipids, mainly phospholipids 

and 1 % w/w proteins, with a high content of hydrophobic amino acids. The major 

apoprotein (28-36 kDa) is absent as determined by SOS-PAGE technique (not shown). 

The preparation of the natural sheep surfactant is described in chapter 6. The 

composition of the surfactant preparations is given in table 7 .1. 

Table 7.1. Phospholipid composition (%,g/g), phospholipid content (mg/ml) and protein content 

(%,g/g) of artificial porcine surfactant (APS) and natural sheep surfactant (NSS). 

Phospholipids APS NSS 

Phosphatidylcholine 79.9 69 .1 
Phosphatidylglycerol 1.2 10.8 
Phosphatidy letanolamine 6.9 5.1 
Phosphatidy lserine 1.3 
Phosphatidylinositol 5.2 3.4 
Lysophosphatidylcholine 1.5 
Sphingomyeline 5.5 3.5 
Other phospholipids 6.6 

Phospholipid content 80 10 

Protein content 0.6 4.4 
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Measurement of the physicochemical characteristics of the surfactant preparations 
To measure minimum and maximum surface tension of the surfactants we used the 
Langmuir-Wilhelmy method as described by Gaines (21) and adapted by Gicles (22). A 
Teflon trough (35 x 10 cm) was filled with 0.15 M NaCl as subphase. The surfactant 
monolayer was compressed and expanded by means of a Teflon barrier. Surface tension 
was measured with an electrobalance (Cahn RH) and a filter paper as Wilhelmy plate. 
An amount of 300 µg surfactant phospholipid was spread on an initial surface area of 
27 x 10 cm2 and after reaching equilibrium spreading pressure, the monolayer was 
compressed and expanded for 30 cycles. The compression ratio was 50% and the 
compression rate was 1.5 cycle per minute. The surface tension and surface area were 
recorded on an X-Y recorder (HP 7045A). All measurements were carried out at a 
temperature of 37°C and a relative humidity of 75%. 

Measurements were also carried out using the oscillating bubble method, a 
technique first reported by Adams and EnMming (23). The device that we used con
sisted of a bubble chamber (inner diameter 5.0 mm), a microsyringe (Hamilton, total 
capacity 50 µl), a pressure transducer (Honeywell microswitch 142 PC-01-D) and a 
pulsator. This pulsator is a differential pressure transducer (Valdyne MP 45), which is 
used the other way around: when an electric current flows through one of the coils, an 
electromagnetic force is exerted on the membrane that displaces the fluid in the tubing 
connected with the bubble chamber. In this way a change in bubble size of 0-6 µI is 
created. The pulsating frequency is 20 per minute. The bubble is viewed by a stereo 
microscope (Olympus X-TR), which is provided with a third tube that contains a 
photovoltaic cell (United Detector Technology S 100, area mm2) for the measurement of 
the bubble size and radius r. A temperature bath surrounds the bubble chamber so that 
the temperature can be kept constant during the measurements. The bubble chamber and 
temperature bath are mounted on an X-Y table which enables correct positioning of the 
bubble with respect to the optical system. 

From the formula of Laplace the surface tension (y) can be calculated: P = 2y/r as 
the pressure P and radius (r) of the bubble are measured. The set-up has been 
automated so that the surface tension is computed during the measurements and can be 
recorded simultaneously with the bubble area. The surface tension and bubble area are 
recorded on a X-Y recorder. 
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Fig. 7.1. Recording of eight subsequent surface area/surface tension loops measured by the 
Langmuir-Wilhelmy method of a) artificial porcine surfactant and b) natural sheep surfactant. 
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Fig. 7.2. Recording of the surface tension of a) artificial porcine surfactant and b) natural sheep 
surfactant using the oscillating bubble method. Note the inverse scale on the vertical axis. 
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Lung function 

Studies in vivo 
Blood samples for determination of arterial pH, PO2 and PCO2 were obtained from the 
left carotic artery. Samples were analyzed using an ABL II blood gas analyzer 
(Radiometer Co., Copenhagen, Denmark). 
Studies in vitro 
The pressure-volume characteristics of the excised lungs were obtained as described in 
chapter 5. The stability index according to Gruenwald (24) and the expansion index 
according to Clements (25) were determined from these measurements. 

7.3 Results 

In vitro properties of the surfactants 
Both surfactant preparations spread quickly after application on the Wilhelmy balance: 
equilibrium spreading pressure (ESP) was reached within 2 seconds. Values of ESP 
were 29.0 for the APS and 30.5 mN/m for the NSS. The first eight surface tension/ 
surface area loops after application to the surface of both surfactants are shown in 
fig. 7.1. Surface tension at 50% compression was 7.5 mN/m for the artificial porcine 
and 21 mN/m for the natural sheep surfactant Hysteresis was lower for the sheep sur
factant. Surface properties measured by the oscillating bubble method are shown in 
fig. 7 .2. It is demonstrated that minimal surface tension is practically zero for the 
artificial porcine surfactant and 22 mN/m for the natural sheep surfactant. 

Blood gases 
Values before and after treatment with surfactant for arterial pH, PCO2 and PO2 are 
presented in figure 7.3. Before surfactant treatment the APS and NSS groups of rabbits 
did not differ with respect to arterial pH and PO2, but PCO2 was slightly but 
significantly higher in the APS group rabbits. Following surfactant treatment there was 
an instantaneous rise in arterial P02 in all animals. However, one minute after surfactant 
instillation PaO2 was significantly higher in the NSS treated rabbits, 48.9 ± 16.2 vs 25.1 
± 12.0 kPa in the APS treated rabbits. At 30 min after surfactant instillation arterial P02 
was 31.6 ± 18.5 in the NSS group and 47.2 ± 11.3 kPa (N.S.) in the APS group of 
rabbits and throughout the experiments no differences in PaO2 between the groups were 
found. All animals maintained an adequate oxygenation during the weaning procedure 
and when they were breathing spontaneously. Arterial PCO2 decreased after surfactant 
instillation in both groups of animals. One hour after surfactant instillation arterial 
PCO2 was 4.0 ± 0.4 kPa in the NSS treated and 4.1 ± 0.7 kPa in the APS treated 
animals. Thereafter we found a gradual rise in arterial PCO2 in the APS treated rabbits. 
When breathing spontaneously the APS group of rabbits had a significantly higher 
arterial PCO2 than the NSS group of rabbits 5.4 ± 0.9 vs. 3.9 ± 0.2 kPa respectively 
(p < 0.05). 
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Fig. 7.3. Arterial P02, PC02 and pH of surfactant deficient rabbits before and after the 
endotracheal administration of artificial porcine surfactant (APS), closed circles, or natural sheep 
surfactant (NSS) open circles. The gradual decrease in ventilatory support is given on the 
horizontal axis including positive end-expiratory pressure (PEEP) and oxygen fraction of inspired 
oxygen (FiOi). 
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Table 7.2. Static compliance, Stability Index according to Gruenwald (24) and Expansion Index 
according to Clements (25) of lung lavaged surfactant deficient rabbits treated with natural sheep 
surfactant (NSS) or artificial porcine surfactant (APS). 

Group 

NSS 

APS 

p-value 

Static Compliance 
(ml/cm H2O/kg body 

weight) 

1.04 ± 0.33 

0.66 ± 0.10 

<0.05 

Compliance measurements 

Stability Expansion 
Index Index 

(ml/ml) (%) 

1.05±0.13 71.0 ±3.8 

1.08±0,16 65.8 ± 11.1 

N.S. N.S. 

The results of the static compliance, stability index according to Gruenwald (24) and the 
expansion index according to Clements (25) are shown in table 7 .2. 

7 .4 Discussion 

In the present study we compared an artificial porcine surfactant and a natural sheep 
surfactant with respect to the differences in in vitro surface properties and the effects of 
treatment of surfactant deficient rabbits with these preparations. Both preparations we 
studied reached equilibrium surface tension within 2 seconds, but differed with respect 
to the surface tension lowering properties. The natural sheep surfactant exhibited a 
higher minimal surface tension on dynamic compression. A lower hysteresis was found 
for the natural sheep surfactant compared to the artificial porcine surfactant. The 
physiological impact of these differences is investigated in the present study. 

We found that all surfactant deficient rabbits showed an immediate increase in 
arterial P02 following surfactant instillation independent of the surfactant preparation 
that was used. Although this was more rapid in the NSS treated group. In addition, all 
animals could be weaned from the artificial ventilation and had normal pH and blood 
gas values while breathing spontaneously in room air. However, differences between the 
two groups of rabbits were also found. In the NSS treated group of rabbits, arterial P02 
was higher, arterial PCO2 was lower during the weaning procedure and the in vitro lung 
compliance was higher compared to the APS group of rabbits. Several factors could be 
responsible for these differences. 

Several physical properties are proposed for a normal surfactant function. The 
ability to lower the surface tension to less than 10 mN/m on compression is essential to 
form a monolayer of surfactant in the lung. In addition surfactant suspended in water 
should adsorb to the air/water interface and establish equilibrium surface tension of 25-
35 mN/m within one min (26). However, it cannot be concluded that surfactants without 
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these properties are ineffective. For example, lung extracts of apparently normal lungs 
exhibited a minimal surface tension of 20 mN/m (27,28). Tween 20, a nonionic deter
gent, that does have none of these surface properties is almost as effective as natural 
sheep surfactant in improving the blood gas and compliance measurements (29). 
According to the difference in protein composition between the surfactant preparations 
i.e. the presence of surfactant protein SP-A in natural sheep surfactant, one would 
expect different spreading of the surfactants. However, we could not find any difference 
in spreading of the surfactants using the Langmuir-Wilhelmy method. Both preparations 
reached equilibrium pressure within 2 seconds. On the other hand the higher arterial 
P02 one minute following surfactant treatment in the natural sheep surfactant group of 
rabbits might indicate that this surfactant spreads in vivo more rapidly than artificial 
porcine surfactant. 

Another factor that may be of importance in this respect is the difference in 
phospholipid content and hence the difference of the instilled volume of surfactant The 
larger volume of the natural sheep surfactant that was given probably promotes a better 
initial distribution of the surfactant over the lung. 

The response in vivo of surfactant treatment not only depends on the surfactant 
preparation but also on the degree of surfactant deficiency at the start of the experiment. 
Although our approach to induce surfactant deficiency by means of lung lavage is 
highly standardized, the degree of surfactant deficiency appeared not to be equal in all 
animals. In the artificial porcine surfactant group of rabbits arterial PC02 before sur
factant instillation was slightly, but significantly higher than the natural sheep surfactant 
group of rabbits. This might reflect a higher degree of surfactant deficiency in the 
artificial porcine surfactant group of animals. In this situation barotrauma in the lungs of 
these animals might be more severe, resulting in a higher leakage of proteins into the 
alveolar space, which could inhibit surfactant function (30,31). This process might 
explain the higher arterial PC02 during the weaning procedure and the lower static lung 
compliance in the artificial porcine surfactant treated rabbits. 

From this study we conclude that artificial porcine surfactant has the same potential 
as the natural sheep surfactant to wean surfactant deficient rabbits from the artificial 
ventilation. The differences between the groups that we found with respect to blood 
gases and static compliance cannot be explained from the in vitro me~urements of the 
surface properties of the surfactant preparations that were tested. 
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Chapter 8 DISTRIBUTION OF ENDOTRACHEALLY 
INSTILLED SURFACTANT 
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8.1 Introduction 

The endotracheal instillation of surfactant into the airways has been shown to be an 
effective therapy to improve lung function in surfactant deficiency. The immediate 
beneficial effects of surfactant therapy, however, are often followed by a relapse within 
several hours after treatment. In premature newborn infants factors responsible for the 
relapse include patency of the ductus arteriosus (1) and inhibition of surfactant activity 
by proteins leaking into the alveolar space (2). Another factor which may be of 
significant importance in this respect is the distribution of the administered surfactant 
over the lung. Several studies have been performed to detect instilled surfactant in the 
lung, mostly in alveolar wash and in lung tissue (3,4,5,6). However, in none of these 
studies the localization of the instilled surfactant on a microscopic level in lung tissue 
has been determined. In the present study an immunohistochemical technique is 
introduced to localize administered exogenous surfactant with the aid of a monoclonal 
antibody, raised against an apoprotein of the instilled surfactant. 

8.2 Methods 

Study design 
Healthy three-month old rabbits (n=12) with a body weight of 2.73 ± 0.11 kg 
(mean ± SD) were anaesthetized and artificially ventilated. After half an hour of 
artificial ventilation lung lavage was performed via the endotracheal tube, as described 
in chapter 4. This resulted in surfactant deficiency in all animals. In six animals artificial 
porcine surfactant (preparation is described in chapter 7) was administered endo
tracheally, six other animals did not receive surfactant and served as controls. Sub
sequently, all animals were weaned from the ventilator. The whole procedure lasted 6 to 
7 hours. The surfactant replacement and weaning procedures are described in detail in 
chapter 6. Blood gas measurements were performed during the artificial ventilation 
period and lung function measurements in intact excised lungs after completion of the 
experiment as described in chapter 5: Static compliance, Stability Index according to 
Gruenwald (7) and Expansion Index according to Clements (8). Thereafter frozen lung 
sections were stained and examined using an immuno histochemical method, to localize 
the instilled surfactant 

Immunohistochemical method 
A monoclonal antibody was prepared, which was subsequently used in lung tissue, 
followed by a peroxidase staining to visualize the instilled surfactant. 

Preparation and selection of the monoclonal antibody 
Immunization of BALB/c mice was performed with the natural porcine surfactant by 
i.p. injection in complete Freunds' adjuvant, followed after 1 month by an i.v. applied 
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booster. Four days later the spleen of the animals was removed to produce a cell 

suspension. The HGPRT negative myeloma cell line X63 was used as the fusion partner. 

The fusion protocol is according to the procedure of Kennett (9) with some modifi

cations (10) The fusion mixture was divided over four 96-well cluster trays, which 

yielded 10-20 hybridomas per well. These hybridomas were recloned and the super

natants were screened for the desired properties: reaction with the porcine surfactant 

apoprotein and no cross reaction with the rabbit surfactant apoprotein. 

The screening procedure was carried out directly on frozen tissue specimens from 

both normal pigs and rabbits as a negative control (10). In short, preparates were fixed 

in acetone for 10 min, air dried and washed in PBS. Subsequently undiluted culture 

supernatant was pipetted on top of the wet sections. As a second step reagent, horse 

radish peroxidase conjugated rabbit anti mouse immunoglobulin (Dakopatts, Copen

hagen, Denmark), was used and 3-amino-9-ethyl-carbazole was the chromogen in the 

subsequently performed peroxidase reaction. A positive reaction is indicated by a 

reddish brown deposit The specimens were counterstained with haematoxylin. The 

results were evaluated by light microscopy. Out of the 400 clones that were screened 

one clone produced a supernatant that reacts with the alveolar surface of pig lung and 

not with rabbit lung. This monoclonal antibody was named PORSU-1 and was used in 

the present study. 
The reaction specificity of PORSU-1 was assessed by an enzyme-linked immuno

sorbent assay, using two isolated porcine associated surfactant proteins that were kindly 

donated by Dr. T. Curstedt as substrate. These proteins are hydrophobic and consist of a 

8.7 kDa polypeptide (11) and a 3.7 kDa polypeptide (12) . The proteins were solubilized 

in methanol and put into 96-well vinyl assay plates (Costar, Badhoevedorp, The 

Netherlands) at a concentration of 10 ng protein per well. Thereafter the methanol was 

evaporated under nitrogen. After blocking excess protein binding sites in the coated 

wells by incubation with PBS containing 5% (v/v) fetal calf serum, PORSU-1 or an 

irrelevant monoclonal antibody was added. Binding of PORSU-1 and the monoclonal 

antibody was visualized with a second step antibody preparation conjugated to horse 

radish peroxidase rabbit anti mouse immunoglobulin (Dakopatts, Copenhagen, 

Denmark), with orthophenyl diamine as a chromogen. All antibody incubations took 

90 min and between the different steps, washing was performed with PBS. A clearly 

positive staining was only seen when PORSU-1 was added to the plates that were 

coated with the 3.7 kDa polypeptide. The irrelevant monoclonal antibody was not 

reactive with the 3.7 kDa nor with the 8.7 kDa polypeptide. 

Immunohistochemical staining of lung tissue specimens 
Frozen lung tissue blocs of the rabbits, that were stored at -80°C, were cut into 6 µm 

thick sections. Subsequently the area around the tissue was dried and the tissue was 

fixed for 10 min in 100% methanol + 0.3% H20 2. Thereafter 25 µI of the undiluted 

monoclonal antibody was pipetted on top of the wet sections. After incubation for 

30 min in a humidified atmosphere at room temperature, the specimens were washed 
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three times in PBS for 5 min, followed by the same staining technique as was used in 
the selection procedure of the monoclonal antibody. For light microscopic study the 
sections were mounted in kaiser glycerol gelatin (Merck, Darmstadt, W-Germany). 

Quantification of the distribution of instilled surfactant 
The lung tissue specimens were studied by light microscopy at a magnification of lOOx. 
A 42-points multipurpose counting grid (13) was placed in the ocular of the microscope. 
Using this grid it was possible to score the presence of surfactant in the different struc
tures of the microscopic specimen: each of the 42 points was addressed with respect to 
structure (aerated alveoli, collapsed alveoli, bronchi, blood vessels and cartilage) and 
the presence of surfactant. "Surfactant positive points" were counted for each structure 
in the specimens. 

To determine the number of readings per specimen that are required to obtain a 
representative score of the presence of surfactant in the lung tissue, ten subsequent 
readings in a specimen were performed. The score of the surfactant positive points of 
each reading was averaged with the score of the previous reading. The average of the 
summated scores and the number of the readings were plotted in an average summation 
graph (14). From this graph it was clear that after 5 readings the average of the mean 
score was not changed by the summation of the 6th and following readings. We 
therefore performed five readings per lung specimen of each sample site of all animals. 
Consequently 2100 points were scored for every animal. 

Statistical analysis 
All data are reported as mean ± standard deviation (SD), unless stated otherwise. 
Differences of means were tested by means of the Mann-Whitney U test. A p-value of 
~ 0.05 was considered to be statistically significant. 

8.3 Results 

Blood gases 
Values of arterial P02, PCO2 and pH are shown in fig. 8.1. Surfactant instillation 
resulted in a rise in PaO2 from 10.46 ± 4.10 to 4 7 .23 ± 11.31 kPa (p<0.05) and a 
decrease in PaCO2 from 5.48 ± 0.48 to 4.26 ± 0.51 kPa (p<0.05). In control animals no 
change in PaO2 was observed and during the whole experiment the PaO2 remained 
significantly lower. When the PEEP was lowered, PCO2 gradually increased in these 
animals with a concomitant fall in pH and at a PEEP of 0 cm H2O all animals died. The 
surfactant treated animals re-established spontaneously breathing and in room air they 
maintained normal blood gases (PaO2 6.72 ± 2.21, PCO2 5.35 ± 0.96 kPa and pH 7.39 
±0.04). 
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Compliance measurements 
In table 8.1 the static lung compliance, the lung stability according to Gruenwald (7) 
and expansion index according to Clements (8) are presented. 

Table 8.1. Static lung compliance in vitro, Stability Index according to Gruenwald (7) and 
Expansion Index according to Clements (8) of lung lavaged surfactant deficient rabbits treated 
with artificial porcine surfactant and controls after weaning off the ventilator. 

Group 

Surfactant
treated 
rabbits 
(n=6) 

Controls 
(n=6) 

p-value 

Static Compliance 
(ml/cm H20/kg body 

weight) 

0.66±0.10 

0.34±0.17 

0.05 

Quantification of the distribution of instilled surfactant 

Stability 
Index 

(ml/ml) 

1.08 ±0.15 

0.77 ±0.10 

<0.05 

Expansion 
Index 
(%) 

66 ± 11 

41 ±3 

<0.05 

Surfactant was visible in the lung sections of all surfactant treated animals and not in 
the controls. It was found focally in aerated lung parts filling up the entire alveolar 
space, or as a condensed layer along alveolar walls, but also in collapsed alveolar spaces 
(fig. 8.2, page 110). Only in a small number of bronchi was surfactant found. Large 
variations in the presence and distribution pattern of surfactant between the treated 
rabbits were observed. In figure 8.3 the relative distribution of the instilled surfactant 
over alveolar spaces and bronchi is shown. The amount of surfactant in the different 
parts of the lung is presented in figure 8.4. 
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Fig. 8.1. Arterial PO2, PCOz and pH of surfactant deficient rabbits, before and after the 
endotracheal administration of artificial porcine surfactant. Symbols for the surfactant treated and 
control animals are given in the figure. The gradual decrease in ventilatory support is given on the 
hori:zontal axis including the end-expiratory pressure (PEEP) and the oxygen fraction of inspired 
air (FiO2). 
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Fig. 8.4. Relative distribution of artificial porcine surfactant over the different lung parts, 
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8.4 Discussion 

The aim of the study was to determine the distribution of endotracheally instilled 
surfactant in surfactant deficient rabbits. In addition to other studies that used polyclonal 
anti sera raised against surfactant apoprotein (15,16,17), we were able to prepare a 
monoclonal antibody, that reacted specifically with a surfactant apoprotein, the 3.7 kDa 
polypeptide, of the artificial porcine surfactant preparation and not with the endogenous 
rabbit surfactant. Applying a peroxidase staining technique we found that it is possible 
to visualize instilled porcine surfactant in lung lavaged surfactant deficient rabbits. 

We assume that the surfactant apoprotein was not separated from the phospholipid 
fraction because there is a high affinity of the hydrophobic apoprotein for the 
phospholipids (18) and special techniques are required to separate this protein from the 
surfactant (19). We have however no definite proof that during the experiments the 
apoprotein remained closely associated with the phospholipids. 

To investigate its efficacy the artificial porcine surfactant was administered to lung 
lavaged surfactant deficient rabbits and the early effects (improvement of gas exchange, 
ability to re-establish spontaneous breathing in room air and improvement of pressure
volume characteristics of the lung in vitro) were determined. Control animals that did 
not receive surfactant but underwent the same procedures were included in the study. 
The surfactant treated animals showed a rise in Pa02, a fall in PaC02, sustained the 
weaning procedure and maintained normal blood gases when breathing room air 
spontaneously. All control animals died indicating that there was no recovery of the 
endogenous surfactant. In addition the in vitro lung compliance measurements showed 
significantly higher values for the surfactant treated animals. 

These results indicate that the instilled porcine surfactant is effective in improving 
lung function. We therefore assume that the instilled surfactant is distributed uniformly 
along the alveolar lining of all the lung parts. However, the results of immunohisto
chemical staining of the instilled surfactant clearly demonstrate that this is not the case. 
We found a large variation in the presence and distribution of surfactant between the 
rabbits. Surprisingly, surfactant was localized in only 10% of the alveolar spaces, yet it 
was possible to wean the rabbits off the artificial ventilation, with subsequent 
spontaneous breathing in room air. One explanation is that the instilled porcine sur
factant added to the remaining endogenous surfactant, was sufficient to allow re
establishment of spontaneously breathing. However, it is also possible that part of the 
instilled surfactant has been cleared from the lungs and reutilized. Clearance of 
surfactant from the lung takes place via the airways, by phagocytosis, enzymatic 
degradation within the alveolus, transport by lymphatic ducts, but the major pathway is 
uptake by the type II alveolar cells, with the subsequent reutilization (20). Uptake by 
alveolar cells of surfactant phospholipids was demonstrated for endotracheally 
administered tracer amounts of surfactant (4,21,22,23,24) and recently for treatment 
doses of surfactant (25,26). Williams reported the presence of Maclura pomifera ferritin 
labeled lectins in multivesicular bodies and in lamellar bodies of rat lungs, within 

103 



30 min after the endotracheal instillation (27), indicating that uptake is a fast process. If 
this occurred also in our animals, this might explain the small amount of porcine 
surfactant that we could localize 4 1(2 hour after instillation. As we stated above there 
was sufficient alveolar surfactant during the spontaneous breathing, after weaning from 
the artificial ventilation and it is possible that after uptake of the instilled porcine 
surfactant, the phospholipids are reutilized and resecreted into the alveolar space in a 
similar way as endogenous surfactant (22.23). ff this is true, then the porcine surfactant 
apoprotein is not resecreted along with the phospholipids and hence metabolized via 
another still unknown pathway. Further studies are required to investigate factors that 
are involved in the control of uptake and resecretion of endotracheally instilled 
surfactant 
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Chapter 9 CLEARANCE OF ENDOTRACHEALLY 
INSTILLED SURFACTANT, STUDIED BY AN 
IMMUNOHISTOCHEMICAL TECHNIQUE 

107 





9.1 Introduction 

The disappearance of administered exogenous surfactant out of the lung might be an 
important factor responsible for the relapse of lung function of premature newborn 
infants after initial improvement following endotracheal instillation of surfactant. The 
clearance of treatment doses of surfactant in surfactant deficient subjects has been 
studied, using methods in which the recovery of endotracheally' administered 
radiolabeled phospholipids from alveolar wash and total lung tissue is determined (1-3). 
The limitation of these techniques is that the specific radio activity of the instilled 
surfactant is only measured in two compartments of the lung. It is not possible to 
localize instilled surfactant in different lung tissue components using these techniques. 
An alternative approach is to study the localization of instilled surfactant following the 
administration of the surfactant. Comparing the localization of surfactant at successive 
points in time after the administration gives insight in the dynamics of the surfactant in 
the lung. In the present study we report the dynamics of an artificial porcine derived 
surfactant from the lungs of premature surfactant deficient rabbits, using the 
immunohistochemical method as described in chapter 8. 

9.2 Methods 

Premature rabbits (n=24) of 27 days gestational age with a body weight of 25.0 ± 4.6 g 
were artificially ventilated as described in chapter 4. Artificial porcine surfactant was 
endotracheally instilled in 18 animals, the other 6 did not receive surfactant and served 
as controls. The surfactant treated rabbits were sacrificed in groups of six at 30 min 
(groupl), 60 min (group2) and 120 min (group3) after surfactant instillation, 
respectively. The control group consisted of three pairs of premature rabbits that were 
artificially ventilated simultaneously with group I, 2 and 3 respectively. Subsequently 
the lungs were excised and stained to visualize the instilled surfactant, using the 
immunohistochemical method, as described in chapter 8. Quantification of the instilled 
surfactant was carried out according to the following protocol. 

The lung tissue specimens were studied by light microscopy at a magnification of 
100 x. A multipurpose counting grid (4), containing 42 points was placed in the ocular 
of the microscope. Using this grid it is possible to score the presence of surfactant in the 
different structures of the microscopic specimen: each of the 42 points was scored with 
respect to structure (interstitium, alveoli, bronchi, perivascular spaces, septa, blood 
vessels and cartilage) and the presence of surfactant. "Surfactant positive points" were 
counted for each structure in the specimens. We examined the central part of the lung 
separately from the peripheral part. 

To determine the number of readings per specimen that are required to obtain a 
representative score of the presence of surfactant in the lung tissue, ten subsequent 
readings in a specimen were performed. The score of the surfactant positive points of 
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each reading was averaged with the score of the previous reading. The sum mated scores 
and the number of the readings were plotted in a so called average summation graph (5). 
From this graph it was clear that after 5 readings the average of the mean score was not 
changed by the summation of the 6th and following readings. We therefore performed 
five readings of both the central and the peripheral part per lung specimen of all 
animals. Consequently 840 points were scored for every animal. 

Statistical analysis 
All data are reported as mean ± standard deviation (SD), unless stated otherwise. 
Differences of means were tested by means of the Wilcoxon Rank Sum test. A p-value 
of <0.05 was considered to be statistically significant. 

9.3 Results 

Tidal volume and Chestwall-lung compliance 
All premature rabbits responded to surfactant instillation with an increase of the 
chestwall-lung compliance from 0.05 ± 0.oI to 0.35 ± 0.15, 0.73 ± 0.34 and 0.54 ± 0.16 
ml per cm H20 per kg body weight for the groups 1,2 and 3 respectively. The control 
animals had a spontaneous increase of the chestwall-lung compliance from 0.05 ± 0.02 
to 0.17 ± 0.17 ml per cm H20 per kg body weight. In group 2 we saw a decrease of the 
compliance 60 min after instillation and in group 3 after 90 min. The control animals 
showed a further increase to 0.65 ml per cm H20 per kg body weight. In table 9.1 
chestwall-lung compliance of the animals are presented. 

Fig. 82 . Micrograph (magnification 56 x) of a lung tissue specimen of a surfactant deficient 
rabbit, that was treated with artificial porcine surfactant endotracheally. Surfactant is located in 
alveoli, a) partly filling up the alveolar space, b) as a condensed layer along alveolar walls and c) 
in collapsed parts. 

Fig. 9.1. Micrograph of the lungs (magnification 35 x) of a premature rabbit 30 min after the 
endotracheal instillation of artificial porcine surfactant. Arrows indicate the surfactant located in 
alveolar spaces (a) and bronchi (b). 

Fig. 9.2. Micrograph of the lung (magnification 35 x) of a premature rabbit 60 min after the 
endotracheal instillation of artificial porcine surfactant. Arrows indicate the surfactant in alveolar 
spaces (a), bronchi (b) and perivascular spaces (ps). 

Fig. 9.3. Micrograph of the lung (magnification 56 x) of a premature rabbit 2 h after the 
endotracheal instillation of artificial porcine surfactant. Arrows indicate the surfactant as a 
condensed layer in alveolar spaces (a) and bronchi (b). 
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Localization of the instilled surfactant 
In fig. 9.1 an example is shown of a lung tissue specimen 30 min after instillation. The 
surfactant was localized predominantly in alveoli and bronchi, in both central and distal 
parts. In the central part of the lung some perivascular spaces contained surfactant. One 
hour after surfactant instillation we found surfactant in alveolar spaces and bronchi in 

the central parts, but in peripheral parts of the lung we found surfactant predominantly 
in the septa and perivascular spaces (fig. 9.2). Two hours after surfactant instillation the 
localization of surfactant in the lung was completely different In large areas no more 
surfactant could be found and in fig. 9.3 it is demonstrated that the surfactant is present 
in condensed structures along alveolar walls. In the central parts a small amount of 
surfactant was located in alveolar spaces, in septa and perivascular spaces. The results 
of the quantification of the instilled surfactant are shown in fig. 9.4. Since the 
distribution pattern of the instilled surfactant in central lung parts was different from 
distal lung parts we scored these parts separately. In the central lung parts we found 
equal amounts of surfactant at 30 and 60 min following instillation both in alveolar 
spaces and in bronchi. Two hours after surfactant instillation the number of surfactant 
positive points was significantly lower in alveoli and bronchi. Most of the surfactant 

was localized in hyaline membranes in alveolar spaces and bronchi (fig. 9.4). An 
increase of surfactant was found during this time span in central perivascular spaces. In 
the distal parts of the lung we found the surfactant in alveoli and bronchi 30 min 
following instillation. At 60 min a significantly lower amount of surfactant was found in 
the alveoli; concomitantly, surfactant in perivascular spaces could be demonstrated. The 
distribution of surfactant two hours after instillation was similar to what was found in 

the central parts of the lung: most surfactant was located in condensed hyaline 
membranes and a small amount in septa and perivascular spaces. 

Table 9.1. Chestwall-lWlg compliance of premature surfactant deficient rabbits, treated with 
artificial porcine surfactant (mean± SD). 

chestwall-lW1g compliance (ml/cm H2O/kg body weight) 
time (min) 

Group 0 15 30 60 90 120 

1 0.04±0.01 0.48±0.09 0.77±0.15 
2 0.05±0.03 0.67±0.32 0.82±0.26 0.30±0.12 
3 0.05±0.02 0.56±0.17 0.71±0.11 0.87±0.15 0.95±0.14 0.85±0.14 
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Fig. 9.4. Relative distribution of artificial porcine surfactant in the central parts (A) and 
peripheral parts of the lungs of premature rabbits; at 30 min (group 1), 60 min (group 2) and 2 h 
(group 3) following the endotracheal administration respectively. 
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9.4 Discussion 

To detennine the path of instilled surfactant we examined lung tissue specimens of 
premature surfactant deficient rabbits at different time intervals following endotracheal 
surfactant instillation. By means of a monoclonal antibody raised against the apoprotein 
of the instilled porcine surfactant and a peroxidase staining technique we were able to 
localize the surfactant in the lung tissue specimens. We found 30 min after instillation, 
the surfactant to be localized in alveoli and bronchi of major parts of the lung. Sixty min 
after instillation less surfactant was found in the alveoli and bronchi, but surfactant can 
be localized in perivascular spaces and septa. Two hours after instillation only a small 
amount of surfactant was present in the lung predominantly in hyaline membranes and 
septa in the central part of the lung. These results indicate that in premature surfactant 
deficient rabbits most of the exogenous surfactant disappears from the alveoli within 
two hours after instillation. The appearance of surfactant in perivascular spaces and 
septa strongly suggests that the lymphatic ducts are involved in surfactant clearance. 

Various studies concerning the clearance of instilled surfactant from the lungs of 
surfactant deficient subjects have been reported. Hallman et al. found that phosphatidyl
glycerol from human surfactant treated infants disappeared from the airways of infants 
with a biological half-life of 30 hours (12). Wilkinson et al. reported the complete 
clearance within 24 hours of phosphatidylglycerol from the airways of infants with 
respiratory distress syndrome that were treated with a dry powder artificial surfactant 
(13). Egan et al. found that synthetic surfactant phospholipids were cleared more rapidly 
from the lungs of premature sheep, than artificial cow lung derived surfactant phospho
lipids (14). Solimano et al. found that the clearance rate is proportional to the degree of 
respiratory failure (15). Pettenazzo et al. found the disappearance of 65 and 60% 
respectively of calf surfactant and surfactant-TA (16) labelled phosphatidylcholine from 
the alveolar spaces of three-day old rabbits 3 hours after intratracheal injection. These 
reports have in common that the clearance of phospholipids was studied. In the present 
study we report the clearance of the surfactant with the apoprotein of the instilled 
surfactant as a marker. In contrast to other studies we were able to localize the instilled 
surfactant in lung tissue specimens at a microscopic level. Our technique does not allow 
quantitative measurements but the results indicate that in premature rabbits, instilled 
surfactant disappears from the alveoli at a higher rate than was found in studies 
measuring phospholipid concentrations. An advantage of the technique we used is that 
surfactant can be visualized in different microscopic structures of lung tissue. A dis
advantage of our technique is that surfactant apoprotein surrounded by inhibiting 
proteins (10,11) might not react with the monoclonal antibody and hence not be 
visualized. Our technique therefore might underestimate the total amount of instilled 
surfactant present, but on the other hand it visualizes physiologically active surfactant 
not inhibited by proteins. Along the same lines it can be argued that techniques 
measuring phospholipid concentrations might overestimate physiologically active sur-
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factant i.e. in alveolar wash. A combination of the different techniques therefore might 
be of interest. 
Our study differs in a few aspects from other studies reporting the use of surfactant 
treatment in premature rabbits. The micrographs of the lung tissue specimens in our 
study show a lower degree of aeration when compared to the histologic lung sections of 
surfactant treated premature rabbits in the studies of Enhc>ming et al., Nilsson et al. and 
Lachmann et al. (6-8). This might indicate that surfactant instillation in our study was 
not as effective as in these studies. However, the increase in chestwall-lung compliance 
demonstrates the beneficial effect of surfactant instillation. The differences in aeration 
of lung tissue specimens can be explained by the fixation procedure used in this study. 
Because the immunohistochemical staining requires frozen tissue specimens, we did not 
fix the lung tissue at the end of inspiration, as was performed by Enhoming et al., 
Nilsson et al. and Lachmann et al. (6-8). 

The premature rabbits were artificially ventilated in parallel with the ventilator, set 
in the time cycled pressure limited mode. The ventilator settings were not adjusted to 
the needs of the individual rabbit, but oxygen flow and peak inspiratory pressure were 
chosen in such a way that the rabbit with the lowest lung compliance was ventilated 
with a tidal volume of 10-15 ml per kg body weight Consequently premature rabbits 
with more compliant lungs were ventilated with a higher tidal volume than required to 
obtain normal PCO2 values (9). We are not certain if such high tidal volumes might 
promote removal of surfactant out of the alveolar spaces into the lymphatic ducts. 

The precise amount of the exogenously instilled surfactant that is cleared from the 
lung in time can not be determined using this technique, but we demonstrate that most 
of the surfactant that was present in the lung at 30 min after instillation had disappeared 
in the next 90 min. We assume that in contrast to adult animals (17), in premature 
animals the lymphatic ducts do play a role in surfactant transport. 
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10.1 Introduction 

The background of the present study is of clinical origin: the newborn baby with 

respiratory insufficiency due to surfactant deficiency (hyaline membrane disease). Until 

the beginning of this decade only supportive treatment was possible for these patients. 

The report on surfactant replacement therapy of Fujiwara et al. (1) initiated a new era in 

treatment of patients with hyaline membrane disease. Although the first results of this 

new approach of hyaline membrane disease are promising, it is also clear that the 

disease can not be treated successfully in all patients. 

10.2 Clinical study 

From 1985-1987 we participated in an international multicenter clinical trial on 

surfactant treatment in severe hyaline membrane disease. Apart from studying the long 

term effects of surfactant treatment we focused on the short term effects, as described in 

chapter 2. We found that surfactant treatment results in an increase in arterial P02, 

followed by a decrease within 4 hours. Similarly the improvement of the chest 

radiograph following treatment was not sustained in all patients. These results and the 

outcome of other clinical studies directed us to further research with the overall goal to 

investigate factors that influence the results of surfactant treatment in surfactant 

deficiency. 

10.3 Experimental study 

Our aim was to determine the effects of different types of artificial ventilation on tissue 

of airways and lung parenchyma, and also perform biochemical and immuno

histochemical procedures in the lungs of surfactant deficient subjects. It is obvious that 

such studies can not be carried out in newborn babies for ethical reasons. We therefore 

studied aspects of surfactant deficiency in an animal model. Out of the various animal 

models of surfactant deficiency (chapter 4) we chose the lung lavage procedure to 

induce surfactant deficiency in 3-month-old rabbits. Lung function can easily be 

assessed by measurement of pH and blood gases from samples taken from an intra 

arterial catheter, in vivo static compliance of lungs and chestwall, in vitro pressure

volume characteristics of the excised lungs. 
In chapter 5 the effects of high-frequency jet ventilation and conventional ventilation 

on lung function and tissue of airways and lung parenchyma in surfactant deficient 

rabbits are described. From the literature it is known that with high-frequency 

ventilation adequate gas exchange is achieved at lower mean airway pressure than 

applied during conventional artificial ventilation. Hence, a lower degree of barotrauma 

might occur during high-frequency ventilation. We found that high-frequency jet 
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ventilation results in a higher arterial P02 and higher static compliance of the lungs than 
conventionally ventilated surfactant deficient rabbits. However, severe histopathological 
changes were found not only in the airways but also in the lung parenchyma of the high
frequency jet ventilated animals. We therefore conclude that although this mode of 
artificial ventilation has some attractive features, the possible side effects of high
frequency jet ventilation when applied in different lung diseases need further 
investigation. 

Chapter 6 describes the effects of endotracheal administration of natural surfactant 
to surfactant deficient rabbits. Lung function was studied but as an ultimate test of the 
surfactant treatment the rabbits were subjected to a weaning off the artificial ventilation 
regimen. It was demonstrated that surfactant administration resulted in an instantaneous 
rise of the arterial PO2• The surfactant treated animals sustained the weaning procedure 
and re-established spontaneous breathing in room air, while maintaining normal blood 
gases. Furthermore, compared to the control animals, the lungs of the surfactant treated 
rabbits had better pressure-volume characteristics in vitro. To investigate whether the 
instilled surfactant participates in the metabolism of surfactant, the lamellar body 
fraction of the type II alveolar cells was isolated. We found that 28% of the instilled 
amount of surfactant phospholipids was present in this fraction. Based on these results 
we conclude that administered surfactant indeed is metabolized in the type II alveolar 
cell. Since the lamellar body is the intra cellular storage site of surfactant, we speculate 
that the administered surfactant is resecreted into the alveolar space and is reutilized. 
The clinical impact of this observation is not yet clear, but we assume that reutilization 
of administered surfactant is of importance for a sustained improvement of lung 
function in surfactant treated patients. 

Chapter 7 describes a comparison between a natural sheep surfactant and an 
artificial porcine surfactant with respect to the surface properties in vitro and response 
of surfactant deficient rabbits. The aim of the study was to investigate whether the 
artificial porcine surfactant which is used in clinical trials is as effective as natural 
surfactant. The background of this study is that surfactant preparations have been 
introduced, that contain less protein than the natural surfactant. The protein is removed 
from the surfactant to avoid immunological reactions when used in patients. We found 
that the surface properties in vitro of the artificial porcine surfactant are better than 
those of natural sheep surfactant. However, both surfactant preparations improved lung 
function of surfactant deficient rabbits in such a way that spontaneous breathing in 
room air was re-established. The differences in lung function in favour of the group of 
animals that were treated with natural sheep surfactant could not be explained from the 
surface properties of the surfactants in vitro. Hence, for the treatment of newborn 
infants with hyaline membrane disease the tested artificial porcine surfactant has proved 
to be effective. The incomplete success of surfactant treatment i.e. the relapse of lung 
function after initial improvement, that was observed in the newborn infants, has to be 
explained by other mechanisms. The distribution and clearance of the instilled 
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surfactant and effects on the surfactant metabolism might be of importance in this 
respect 

To study the distribution of artificial porcine surfactant by an immunohistochemical 
method we prepared a monoclonal antibody against a protein fraction of the surfactant. 
In frozen lung tissue specimens the porcine surfactant can be localized with this 
monoclonal antibody in combination with a peroxidase staining technique. In chapter 8 
it is demonstrated that the surfactant is located in only 10% of the alveolar spaces of the 
lungs of surfactant deficient rabbits, at 4 1/2 hour after the endotracheal instillation. 
Since the treated surfactant deficient rabbits showed such an improvement in lung 
function that they re-established breathing in room air we speculate that the instilled 
surfactant is still present in the lung. Our hypothesis is that the surfactant has been taken 
up by the type II alveolar cells (chapter 6), presumably followed by resecretion. After 
the complex intracellular pathways the surfactant phospholipids are resecreted 
apparently separate from the apoprotein. 

Chapter 9 describes the clearance of artificial porcine surfactant in premature 
surfactant deficient rabbits, using the immunohistochemical method of the previous 
chapter. It is demonstrated that most of the surfactant that was present in alveolar spaces 
and bronchi at 30 min after instillation disappeared in the next 90 min. Concomitant 
with the decrease of the surfactant in the alveolar spaces we found a decrease of the 
chest-wall-lung compliance. This might indicate that in the premature rabbit the 
disappearance of the instilled surfactant (transport via the lymphatic ducts and uptake by 
the type II alveolar cells) is not accompanied by sufficient resecretion of surfactant It 
could be speculated that the rapid clearance of surfactant from the premature lung is the 
result of the inability of the type II alveolar cells to reutilize the administered surfactant. 

10.4 Future developments 

To date there is sufficient evidence that the endotracheal administration of surfactant in 
surfactant deficient subjects results in improvement of lung function. However we 
encounter the fact that the results of the clinical trials in patients with hyaline membrane 
disease performed so far are not quite satisfactory. 

Research in this field must be continued clinically to discover the optimal strategy 
for newborn infants with hyaline membrane disease. In this respect we believe that early 
treatment and multiple doses are of importance. Furthermore attention should be paid to 
the development of an artificial ventilator that can operate at high respiratory rates at 
low mean airway pressures, but does not cause lesions in the airways and lung 
parenchyma. 

In principle the best surfactant to treat newborns is human surfactant. However, 
human surfactant is difficult to produce in large amounts. Amniotic fluid obtained by 
cesarean sections of five full term pregnancies is required to treat one patient with a 
single dose (2)! It is to be expected that in the future synthetic human surfactant, a mix-

121 



ture of phospholipids and synthetic apoproteins will be available. The coding sequence 
of the SP-A protein and the amino acid sequence of the SP-B have been characterized 
recently (3,4). Reconstitution of surfactant using human apoprotein SP-A, derived from 
amniotic fluid with a phospholipid mixture resulted in a biophysically active surfactant 
both in vitro as in vivo (5). Until synthetic human surfactant will be produced in large 
amounts, treatment with heterologous surfactant will be continued. So far no immuno
logical responses following treatment with heterologous surfactant have been reported, 
but when multiple dose treatment will be applied on larger scale it is to be expected that 
an immune response is inevitable. The clinical impact of future immunological 
reactions after surfactant treatment is not yet clear. On the other hand in our opinion 
treatment with exogenous surfactant with the aim to reduce the incidence of the well 
known serious long term complications of hyaline membrane disease i.e. 
bronchopulmonary dysplasia and neuro developmental disorders is justified. 

Apart from clinical studies, research focused on the metabolism of surfactant in the 
type II alveolar cell must be continued. Factors should be identified that influence the 
uptake of surfactant in the type Il cells, factors that promote the secretion of surfactant 
and factors that influence the catabolism of surfactant. When we understand more of 
these processes we might be able to influence the surfactant metabolism in such a way 
that ultimately surfactant deficiency in premature newborn infants will be prevented. 
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11.1 Inleiding 

Longsurfactant bestaat uit een complex van fosfolipiden en eiwit dat zich aan de 
binnenzijde van de alveoli en bronchi bevindt. De belangrijkste funktie van surfactant is 
het verlagen van de oppervlaktespanning die heerst aan het grensvlak tussen de lucht en 
het vloeistoflaagje dat de wand van de alveoli bekleedt. Surfactant voork6mt dat alveoli 
tijdens de uitademing samenvallen. Bij een tekort aan surfactant in de long zoals bij te 
vroeg geboren baby's, neigen de alveoli tijdens de uitademing tot samenvallen, hetgeen 
leidt tot een ziektebeeld dat bekend is als "hyalinemembranen ziekte". De emstige 
ademhalingsproblemen die bij deze ziekte optreden werden tot het begin van dit decen
nium slechts symptomatisch behandeld: toediening van extra zuurstof en kunstmatige 
beademing. De publicatie van Fujiwara et al. over de toediening van surfactant via de 
luchtwegen, luidde een nieuw tijdperk van de behandeling van patientjes met hyaline
membranen ziekte in (1). Hoewel de eerste resultaten van deze behandeling veel
belovend waren, is het inmiddels duidelijk geworden dat niet alle patienten met hyaline
membranen ziekte met succes behandeld kunnen warden. 

11.2 Klinische studie 

Van 1985-1987 namen wij deel aan een "International Multicenter Clinical Trial" met 
als doel om te onderzoeken of de toediening van surfactant aan patientjes met hyaline 
membranen ziekte tot een snellere genezing tot gevolg heeft. 

Een deelaspekt van deze "clinical trial" wordt in hoofdstuk 2 beschreven. Wij 
bestudeerden de korte termijn effekten van surfactant toediening op de longfunktie van 
patientjes met hyalinemembranen ziekte. Direkt na surfactant toediening vindt er een 
stijging van de zuurstofspanning in het bloed plaats en op de rontgen foto is te zien dat 
de gashoudendheid van de longen toeneemt. Ongeveer 24 uur na toediening van 
surfactant zijn deze effekten niet meer zichtbaar. Het resultaat op korte termijn van de 
surfactant behandeling bij patientjes met hyalinemembranen ziekte is dus beperkt. 

11.3 Experimentele studie 

Het doel van het experimentele gedeelte van dit proefschrift is om faktoren te onder
zoeken die de werking van toegediend surfactant in de long bij surfactant deficientie 
zouden kunnen beinvloeden. Hiertoe is het noodzakelijk om longweefsel aan nader 
onderzoek te onderwerpen (Biochemische analyse, histopathologische en immunohisto
chemische methodieken). Het is duidelijk dat het om ethische redenen niet mogelijk is 
om longweefsel van pasgeborenen met hyalinemembranen ziekte voor dit doel te 
gebruiken. Daarom wordt voor ons onderzoek een dier model gebruikt. Uit de beschre-
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ven modellen van surfactant deficientie (hoofdstuk 4) werd gekozen voor bet konijn 

waarbij door middel van long spoeling surfactant deficientie wordt opgewekt. 

In hoofdstuk 5 warden high-frequency jet ventilatie en conventionele kunstmatige 

beademing vergeleken. In dit onderzoek warden longfunktie en de effekten op lucht

wegen en long parenchym bestudeerd bij surfactant deficiente konijnen. Uit de literatuur 

is bekend dat met high-frequency ventilatie een goede gaswisseling in de long kan 

warden bewerkstelligd, waarbij de gemiddelde luchtwegdruk lager is dan bij con

ventionele kunstmatige beademing. Dit zou kunnen betekenen dat er minder barotrauma 

optreedt tijdens high-frequency ventilatie. Wij tonen aan dat surfactant deficiente 

konijnen die met high-frequency jet ventilatie beademd warden, een bogere arteriele 

P02 en een hogere statische compliance hebben, vergeleken bij de dieren die conven

tioneel beademd warden. Microscopisch onderzoek geeft echter aan dater behalve em

stige scbade aan het slijmvlies van de luchtwegen, bovendien aanzienlijke schade in bet 

long parenchym optreedt bij de dieren die high-frequency jet ventilatie ondergaan. Wij 

moeten daarom concluderen dat boewel deze wijze van kunstmatige beademing 

aantrekkelijk lijkt, er verder onderzoek verricbt moet warden om de nadelige neven 

effekten te elimineren. 
In boofdstuk 6 warden de effekten beschreven van surfactant toediening via de 

lucbtwegen bij surfactant deficiente konijnen. Het resultaat van surfactant toediening 

wordt niet alleen beoordeeld aan de hand van het verloop van de arteriele bloedgassen 

maar ook aan bet feit of de konijnen weer in staat zijn om spontaan te ademen na de 

enkelvoudige surfactant gift. Hiertoe warden de konijnen geleidelijk van de kunsmatige 

beademing "ontwend". Wij zagen dat de konijnen die surfactant kregen toegediend een 

onmiddellijke stijging van de arteriele P02 vertonen en vervolgens met succes ontwend 

kunnen warden van de kunstmatige beademing. Deze dieren blijken in staat om 

spontaan te ademen zonder toediening van extra zuurstof terwijl de arteriele bloedgas 

waarden op normaal niveau blijven. Om na te gaan of het toegediende surfactant deel

neemt aan het surfactant metabolisme, werd de "lamellar body" fraktie van de type II 

alveolair cellen uit bet long weefsel van de konijnen geYsoleerd. Wij vonden dat 28% 

van de toegediende surfactant fosfolipiden in deze fraktie aanwezig is. Op grand van 

deze waarneming concluderen wij dat bet toegediende surfactant inderdaad wordt geme

taboliseerd in de type II alveolair cellen. Aangezien de "lamellar body" de intra

cellulaire opslagplaats is van surfactant speculeren wij dat bet toegediende surfactant 

opnieuw wordt uitgescheiden in de alveolaire ruimte en wordt "gereiitiliseerd". De 

klinische betekenis van deze waameming is nog niet duidelijk, maar we nemen aan dat 

reiitilisatie van toegediend surfactant van belang is voor een aanhoudende verbetering 

van de longfunktie. 
In boofdstuk 7 wordt een natuurlijk scbapesurfactant vergeleken met een artificieel 

varkenssurfactant, gelet wordt hierbij op de verschillen in fysicochemische eigenschap

pen in vitro en de fysiologische eigenschappen in vivo. Het doel van dit onderzoek was 

om na te gaan of bet artificiele varkenssurfactant, dat gebruikt wordt in clinical trials, 

even effektief is als natuurlijke schapesurfactanL De achtergrond van dit onderzoek is 
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dat er surfactant preparaten zijn geYntroduceerd die minder eiwit bevatten dan het 
natuurlijke surfactant. Het eiwit is uit het surfactant verwijderd om eventuele immuno
logische reakties bij patienten te vermijden. Wij vonden dat de fysicochemische 
eigenschappen van het artificiele varkenssurfactant beter zijn dan die van het natuurlijke 
schapesurfactant. Het blijkt echter dat de toediening van zowel hct artificiele als het 
natuurlijke surfactant leidt tot een zodanige verbetering van de longfunktie van 
surfactant deficiente konijnen, zodat alle dieren na verloop van tijd weer instaat zijn om 
spontaan te ademen zonder de toediening van extra zuurstof. Er zijn geringe verschillen 
in longfunktie ten nadele van de konijnen die het artificiele varkenssurfactant kregen 
toegediend. Deze verschillen echter, kunnen wij niet verklaren op grand van de de 
fysicochemische eigenschappen van de surfactants. Het feit dat de surfactant deficiente 
konijnen, die met het artificiele surfactant warden behandeld met succes ontwend 
kunnen warden van de kunstmatige beademing, geeft in ieder geval aan dat dit 
surfactant preparaat effektief is in de behandeling van surfactant deficientie. Voor het 
onvolledige succes van de surfactant behandeling bij de patientjes met hyalinemem
branen ziekte moet dus een andere oorzaak gezocht warden. De distributie van 
surfactant over de long, de klaring van het toegediende surfactant uit de long en de 
effekten op het surfactant metabolisme spelen mogelijk hierbij een belangrijke rol. 

In hoofdstuk 8 wordt de distributie van surfactant over de long beschreven bij 
volwassen konijncn. Om het surfactant te lokaliseren wordt een immunohistochemische 
techniek gebruikt Met een monoclonaal antilichaam gericht tegen een apoprote"ine van 
het artificiele varkenssurfactant, in combinatie met een peroxidase kleuring kan het 
varkenssurfactant warden aangetoond in de long. Bij surfactant deficiente konijnen 
vinden wij dat 4 1/2 uur na toediening, het surfactant slechts in 10% van de alveolaire 
ruimten aanwezig is. Aangezien de konijnen na surfactant toediening weer in staat 
blijken om spontaan te ademen, nemen wij aan dat bij het volwassen dier, het toe
gediende surfactant voor een groat deel onverminderd in de long aanwezig is. Dit wordt 
gebaseerd op het feit dat het toegediend surfactant voor een deel in de lamellar body 
fraktie van de type II alveolair cellen kan warden aangetoond (hoofdstuk 6) en 
waarschijnlijk daarna opnieuw wordt gesecemeerd in de alveolaire ruimte. Kennelijk 
wordt het apoprote"ine dat als marker voor het toegediend surfactant wordt gebruikt op 
een andere wijze clan de fosfolipiden gemetaboliseerd. 

In hoofdstuk 9 wordt de klaring van toegediend artificieel varkenssurfactant bij 
premature konijnen beschreven. Met de immunohistochemische techniek vinden wij dat 
het surfactant, 30 minuten na toediening, aanwezig is in een groot deel van de alveoli en 
bronchi. De compliance van borstwand en longen van de dieren is duidelijk toegenomen 
na surfactant toediening. Een half uur later blijkt de hoeveelheid surfactant in de alveoli 
en brochi afgenomen. Het surfactant kan op dit tijdstip warden aangetoond in de peri
vasculaire ruimten, waar de lymfevaten gelokaliseerd zijn. Vervolgens zagen wij dat 
60 minuten later het surfactant voor het grootste gedeelte uit de long verdwenen was. 
Gelijktijdig met de afname van de hoeveelheid surfactant treedt er een daling van de 
compliance van borstwand en longen op. Dit zou kunnen betekenen dat de verdwijning 

129 



van surfactant uit de alveolaire ruimten niet gepaard gaat met reiltilisatie van het 

toegediende surfactant. Men zou kunnen speculeren dat de snelle klaring van surfactant 

uit de longen van een prematuur wordt bepaald door het onvermogen tot reiltilisatie. 

11.4 Toekomstige ontwikkelingen 

Er is thans voldoende bewijs dat de toediening van surfactant via de luchtwegen bij 

prematuren met surfactant deficientie leidt tot een verbetering van de longfunktie op 

korte termijn. Wij moeten echter vaststellen dat de behandeling met surfactant van 

patientjes met hyalinmembranen ziekte op langere termijn nog onbevredigend is. 

Klinisch onderzoek in de vorm van clinical trials is aangewezen om de optimale be

handelings strategie van surfactant toediening te vinden. Wij zijn van mening dat vroeg

tijdige toediening van surfactant en meerdere giften mogelijk een beter resultaat geven. 

Voorts zal er aandacht besteed moeten warden aan de ontwikkeling van een beade

mingsapparaat met de gunstige eigenschappen van de "high-frequency" ventilator. Aan 

dit apparaat moet de eis gesteld warden dat het geen schade aan de luchtwegen en aan 

het longparenchym mag veroorzaken. 
In principe is humaan surfactant waarschijnlijk het beste om patientjes met hyaline

membranen ziekte te behandelen. Dit surfactant is echter moeilijk in grote hoeveelheden 

te produceren. Voor de bereiding van surfactant voor de enkelvoudige dosis van een 

patient is vruchtwater van 5 voldragen zwangerschappen nodig (2). Het ligt in de lijn 

der verwachting dat er in de toekomst synthetisch humaan surfactant beschikbaar zal 

zijn. Dit zal dan een preparaat zijn dat is samengesteld uit synthetische fosfolipiden en 

met DNA-recombinant technologie gesynthetiseerd apoprote'ine. De genetische code 

van het SP-A prote'ine en de aminozuur volgorde van het SP-B prote'ine zijn recent 

vastgesteld (3,4). Inmiddels is aangetoond dat een surfactant preparaat bestaande uit het 

SP-A proteYne afkomstig uit humaan vruchtwater en een mengsel van fosfolipiden 

zowel in vitro als in vivo effektief is (5). Zo lang er nog geen synthetisch humaan sur

factant op grate schaal beschikbaar is, zullen er surfactants van dierlijk origine gebruikt 

warden. Tot dusver zijn er nog geen immunologische reakties beschreven na toediening 

van dergelijke surfactant preparaten, maar wanneer er multipele doses toegediend gaan 

warden dan kan verwacht warden dat er een immuunresponse optreedt. De klinische 

betekenis van dergelijke reakties kan nu nog niet overzien warden. Op grand van het 

feit dat de toediening van surfactant leidt tot afname van emstige complicaties bij 

patientjes met hyalinemembranen ziekte, zijn wij van mening dat het geoorloofd is om 

patientjes te behandelen met een surfactant preparaat, dat niet van de mens afkomstig is. 

Naast klinisch onderzoek moet er verder fundamenteel onderzoek verricht warden 

naar het metabolisme van surfactant in de type II alveolair eel. Er moet vooral aandacht 

besteed worden aan secretie, opname en katabolisme van surfactant. Wanneer wij meer 

inzicht in deze processen verkrijgen, dan kunnen wij in de toekomst mogelijk het 

surfactant metabolisme zodanig beYnvloeden dat surfactant deficientie bij de pasge

borene voork6men kan warden. 
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