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Introduction 

The integrity of the surfactant system of the lung is essential for normal 
breathing. Decreasing the surface tension at the interface between alveoli and 
air ensures (a) mechanical stabilization of the lung; (b) equal ventilation of 
differently sized alveoli; (c) stabilization of fluid balance in the lung and 
protection against lung edema; and (d) adequate function of local defense 
mechanisms against air-borne, bacterial, and viral infections (for review 
see [1]). Furthermore, we have recently demonstrated that the pulmonary 
surfactant system may also be involved in protecting the lung against its own 
mediators (e.g., angiotensin II) and in protecting the cardiocurculatory system 
against mediators produced by the lung [2]. 

Besides its action primarily at the alveolar level, surfactant also plays an 
important role in the airways. It is essential for stabilization of the small 
airways [3] and for non ciliar and mucous transport [4]. Surfactant also acts as 
an anti-glue factor between mucous particles, as well as between mucous and 
the bronchial wall [5] through its masking of receptors of smooth muscle with 
respect to substances which induce contraction [3, 6]. 

In spite of this wide range of different functions of the surfactant system in 
the lung, to date (except for "idiopathic" respiratory distress syndrome, IRDS) 
there is very little information about the role of surfactant in other acute and 
chronic lung diseases. One reason for this may be that, although the chemical 
components of the surfactant system are more or less known, many questions 
remain unanswered concerning the interaction between components of the 
surfactant system and other chemical components which are present as a result 
of lung diseases (e.g., plasma in adult respiratory distress syndrome, or ARDS; 
special proteins in alveolar proteinosis; free radicals; proteinases; and bacterial 
membranes, etc. under special circumstances). Another reason may be that for 
in vivo diagnosis of a functionally disturbed surfactant system only a few 
parameters can be used: dynamic and static lung compliance and, with some 
limitation, blood gases and the functional residual capacity. 

With these problems in mind we developed a simple but rational philosophy 
in order to investigate and solve these problems: 

Hypothesis 1: If surfactant is necessary for keeping retractive forces as low 
as possible and also for optimal gas exchange, any disturbance in the surfactant 
system will result in abnormalities in lung distensibility and gas exchange. 
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Hypothesis 2: If hypothesis 1 is correct, surfactant replacement will restore 
lung distensibility and gas exchange to normal. 

Under experimental and clinical conditions this means that in a lung disease 
in which decreased lung compliance and impaired gas exchange are present, if 
surfactant replacement improves these functions, the surfactant system should 
also be involved in the pathogenesis of this lung disease. 

In order to confirm this hypothesis we developed different animal models, 
all characterised by decreased compliance and impaired gas exchange, in which 
most cases needed artificial ventilation to keep the animals alive. In the 
following animal models (available in our laboratory) it has been shown that 
the surfactant system improves the level of lung compliance and gas exchange 
and partly prevents bronchial obstruction in allergic asthma: 

Respiratory failure due to surfactant depletion (rats, guinea pigs, adult 
rabbits) [7-12]. 

Respiratory failure due to viral pneumonia (mice) [13]. 
Respiratory failure due to bacterial pneumonia (unpublished observations). 
Respiratory failure induced by free oxygen radicals following intratracheal 

instillation of xanthese oxidase (guinea pigs, rats) [14]. 
Respiratory failure after intravenous injection of anti-lung serum, capillary 

leakage syndrome (guinea pigs) [15, 16]. 
Respiratory failure caused by damaging the bronchial surfactant with a 

combination of artificial ventilation and tracheal instillation of a small amount 
of saline (rats, guinea pigs) [3]. 

Allergic bronchial asthma (guinea pigs) [6]. 

The following examples demonstrate that surfactant replacement improves 
lung function in acute respiratory failure, independently of its etiology. 

Surfactant Replacement 

Animal Studies 

Regarding respiratory failure due to damaged bronchial surfactant, as early as 
1970, Macklem et al. called attention to the significance of bronchial surfactant 
for stabilization of the peripheral airways; they suggested that its absence may 
cause airway obstruction or collapse of the small bronchi with air trapping [17]. 
Nevertheless, little is known about the importance of, for example, a transient 
disturbance of surfactant in the pathogenesis of asthma, although it has been 
known for some time that the most effective therapeutic agents in the asthmatic 
attack, glucocorticoids and l3-adrenergic agents, stimulate synthesis and release 
of surfactant phospholipids by type II cells. 

The results of investigations performed recently in our laboratory emphasize 
the importance of bronchial surfactant for the stabilization of peripheral airways 
as indicated by Macklem et al. We induced severe respiratory insufficiency in 
guinea pigs by a combination of ventilation (pressure-controlled ventilation; 
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inspiration time 50 %; peak airway pressure 35 cm H20; positive end
expiratory pressure, or PEEP, 4-5 cm H20; rate 30/min) and tracheal saline 
instillation. In this in vivo model we have been able to trace the main cause for 
the massive decline in thorax-lung compliance to inactivation (damage?) of the 
bronchial surfactant. 

Guinea pigs (body weight 324 ± 18 g) were anesthetized with urethane 
(1.3 g/kg), relaxed with pancuronium bromide (1.2 mg/kg), and subjected to 
pressure-controlled air ventilation with different peak airway pressures (20, 30, 
and 35 cm H20), a PEEP of 4-5 cm H20 and a rate of 30/min. Immediately 
preceding saline instillation and 15, 60, and 120 min afterwards, a thorax-lung 
pressure-volume diagram of each animal was recorded, and blood for arterial 
Pa0 2 determination was drawn from a catheter in the carotid artery. With 
all peak airway pressures used, a significant reduction in thorax-lung compli
ance occurred within 15 min after saline instillation. Animals ventilated with 
a pressure of only +20 cm H20 died from hypoxia (Pa0 2 31 ± 6 mmHg) 
after 1 h. 

Analysis of the pressure-volume diagrams revealed that 15 min after saline 
instillation, the opening pressure was already elevated to 20 cm H20 whereas 
the total compliance was only minimally reduced up to a pressure of 40 cm 
H20. After overcoming the opening pressure, the slopes of the pressure-volume 
diagrams before and after saline instillation were nearly identical; this seems to 
us to indicate that the total retractive forces, which always increase markedly 
with impairment of the alveolar surfactant, increased only slightly in our model 
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Fig. 1. Thorax-lung pressure-volume diagram of guinea pig before and 120 min after saline 
instillation and after subsequent instillation of 1 ml (a) and 2 ml (b) surfactant. Note that only 
the instillation of 2 ml surfactant results in complete restitution of the mechanical properties 
of the thorax-lung system. The minor volume increase after surfactant instillation might be 
explained by the opening of atelectatic regions. (From [3] with permission) 
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Table 1. Changes in thorax-lung compliance and arterial P02 induced by different amounts of 
surfactant applied intratracheally to animals in severe respiratory distress due to impairment 
of bronchial surfactant 

Compliance 
(mVcm H 20 kg) 

Before saline 
instillation 

120 min 

1.21 + 0.34 
(n = 5) 

1.27 + 0.28 
(n = 4) 

82 + 6 
(n = 5) 

84 + 8 
(n = 4) 

After saline instillation 

Amount of 130 min (10 min 
surfactant (ml) after surfactant 

instillation) 

0.35 + 0.08 1 0.72 + 0.23 

0.35 + 0.11 2 1.21 + 0.34 

32 + 6 1 75 + 16 

34 + 5 2 79 + 14 

Compliance was calculated at +20 cm H20 on the deflation limb of the pressure-volume 
diagram. Blood was drawn at the ventilation pressure of +30 cm H20, and a PEEP of 4-5 cm 
H20 was used throughout the experiment. 

during the observed period. These findings therefore permit the conjecture that 
the functional changes obtained in this model are caused in the first place by 
collapse of peripheral airways due to impairment of the bronchial surfactant. 

More evidence for the impairment of the bronchial (and alveolar?) 
surfactant in our model is provided by the following results. We showed that 
tracheal instillation of exogenous surfactant normalizes the impaired thorax
lung mechanics and gas exchange. Whereas the instillation of 1 ml surfactant 
(50 mg total phospholipid content) markedly improved thorax-lung mechanics, 
an almost complete correction of the functional changes was achieved in those 
animals which received 2 ml surfactant by tracheal instillation (Fig. 1; 
Table 1). 

ARDS due to Surfactant Depletion 

In experimental ARDS, induced by in vivo lung lavage, we were the first to 
demonstrate that tracheal instillation of surfactant lipids results in a striking 
improvement in gas exchange [7, 10] (Fig. 2). Other experiments (in animals 
receiving surfactant) have shown that the improved blood gas levels are stable 
for at least 5 h, whereas the Pa0 2 in control animals remains low, despite 
ventilation with PEEP and 100% oxygen. Histological examination of lung 
sections from surfactant-treated animals showed a uniform pattern of well
aerated alveoli, with only minimal intra-alveolar edema and hyaline 
membranes, whereas control animals had extensive atelectasis and prominent 
hyaline membranes. 
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Fig. 2. Behavior of P a02 and P aC02 in adult guinea pigs with severe RDS after tracheal 
instillation of surfactant in comparison to controls. Animals were ventilated pressure
controlled with pure oxygen at an I:E ratio of 1:1, a frequency of 20/min, an insufflation 
pressure of 28 cm H20 and a PEEP of 5 cm H20. (From [7, 10]) 

These results indicate that the ventilator per se is not harmful to the 
pulmonary parenchyma, provided that alveolar collapse is prevented by 
surfactant replacement, and shear forces are thereby avoided. One may argue 
that the use of the surfactant-depleted lung model for assessing the effects of 
surfactant replacement does not represent all the changes typical of ARDS 
lungs. This is why we also used other animal models with severe respiratory 
failure and treated them with tracheal instillation of surfactant (e.g., respiratory 
failure due to free oxygen radicals [14], virus pneumonia [13], and ARDS due 
to intravenous injection of anti-lung serum [16]. 

Acute Respiratory Insufficiency due to Free Oxygen Radicals 

Free oxygen radicals play an important role in a variety of diseases. The 
hypoxanthine-xanthine oxidase system, which generates the superoxide radical, 
exerts a damaging effect on several organs, including the lung [18]. We have 
recently demonstrated that xanthine oxidase (XO) applied to the trachea of 
guinea pigs induces dramatic changes in lung-thorax compliance, in the course 
of a few minutes, by destroying the functional integrity of the bronchial and 
alveolar surfactant system. This effect probably results from the generation of 
free oxygen radicals by XO, but was only minimally prevented by superoxide 
dismutase (SOD) [19]. However, it was almost blocked by tracheal instillation 
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of exogenous surfactant (Fig. 3). One possible explanation for the latter result 
could be that the lipid peroxidation by free oxygen radicals takes place with 
exogenous surfactant lipids, thus preventing the peroxidation of the lipids from 
surfactant system, which line the alveoli and airways. 

Figure 4 shows that decreased lung-thorax compliance after XO instillation 
could almost completely be restored by tracheal instillation of surfactant. This 
effect must be related to the surfactant lipids and not to fluid administration, as 
the lung-thorax compliance deteriorated further in those animals receiving 
saline instead of surfactant. 

In earlier investigations we demonstrated that the combination of fluid with 
artificial ventilation already leads to damage, mainly of the bronchial surfactant 
system [20]. Thus, also in this study, one factor of functional disturbance can 
be explained due to the fluid administration. However, the combination of fluid 
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and artificial ventilation mainly led only to an increased opening pressure, 
without significant restrictive lung volume changes, at a pressure of 30 cm 
H20. In contrast, after XO instillation we observed both an increased opening 
pressure and significant decrease in volume, at a pressure of 30-35 cm H20. 

The general application of radical scavengers in patients who might develop 
ARDS, might be one important therapeutic approach in the future. However, in 
all cases where one of the primary causes of respiratory failure is free oxygen 
radicals, additional "local" surfactant replacement might be an important step 
for a successful treatment of ARDS. 

Respiratory Failure due to Virus Pneumonia 

We found that surfactant replacement is also an effective therapeutic measure in 
experimental viral pneumonia [13]. In these studies, lung mechanics was 
recorded in mice 6 days after infection with influenza virus, before and after 
tracheal instillation of surfactant. Surfactant replacement resulted in a 
significant augmentation of thorax-lung compliance at insufflation pressure 
26 cm H20 (Fig. 5). Using the same model we could also demonstrate that 
giving surfactant 4 days after virus infection, the survival rate increased to 
75 % whereas all control animals died between days 6 and 7. Histologic 
examination of the lungs, from all animals, showed the interstitial infiltration of 
mononuclear inflammatory cells, typical of viral pneumonia. Animals receiving 
surfactant had clearly improved lung aeration in comparison with untreated 
controls. These findings provide additional indication of the potential 
therapeutic significance of surfactant replacement in ARDS. 
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Fig. 5. Thorax-lung compliance per kilogram 
body weight in mice with viral pneumonia 
before and 10 min after tracheal instillation of 
0.15 ml surfactant (60 mg phospholipidslml) 
at 25 cm H20. Left, the thorax-lung 
compliance of noninfected mice 



Surfactant Replacement in Acute Respiratory Failure 219 

Experimental Capillary Leakage Syndrome 

Intravenous injection of anti-lung serum in guinea pigs causes acute and fatal 
respiratory failure. Previous studies have shown marked decrease in thorax
lung compliance, increase in water content, decrease in phospholipid content, 

VT (mIl 

10 Anti-Lung Serum 

I 
t 
BG 

5 
BG 

I 

Surfactant 
OL-~--~~----~--~----~----~--~-----

o 5 
a 1210 \28/4\ 

10 
3716 

Anti-Lung-Serum 

400 40 
, 

.-~_ Surfactant 
--lilt , 

1IIt_ 

15 20 25 TIME (min I 
\ 27/6 Paw(peakl/PEEP(cmH201 

_ 300 
0> 

-.. -~ 
I 
E 
E 

200 20 

100 10 

O~----.-~-.----~-----r-----r----.-----.--------
o 5 10 15 20 25 TIME (minI 

b 12/0 128/41 37/6 I 27/6 Paw(peakI/PEEP(cmH~1 

Fig. 6. Course of tidal volume (a) and blood gases (b) from a guinea pig before and after 
intravenous injection of anti-lung serum, and after tracheal instillation of 2 ml surfactant. V T> 

Tidal volume during artificial ventilation with different peak airway pressure [Paw (peak)] 
during pressure-controlled ventilation with 100 % oxygen; frequency, 30; I:E ratio, 1:1. BG, 
blood gases 



220 B. Lachmann 

and diminished surface activity in these lungs, as well as severe morphological 
damage especially to the alveolar capillary membrane of these lungs [15]. 
Using this model - where the failure is clearly caused by damage to the 
capillary membranes - we could demonstrate that surfactant instillation also 
significantly improved blood gases and lung mechanics in these animals [16] 
(Fig. 6). 

Surfactant Substitution in Clinical ARDS 

In a terminal patient with sepsis and severe ARDS (Pa0 2 of 19 mmHg) , despite 
pressure-controlled ventilation with an I:E ratio of 3:1 and peak airway 
pressure of 48 cm H20 (Fi02 = 1), tracheal instillation of natural surfactant 
(300 mg phospholipids/kg body weight) led within 4 h to a dramatic 
improvement in gas exchange (P a02 from 19 mmHg to 240 mmHg; P aC02 from 
68 to 45 mmHg; see Fig. 7) [9]. Chest X rays made 20 min before surfactant 
instillation (Fig. 8a) and 4 h later (Fig. 8b) clearly showed that a nearly 
"normal" situation had been restored within this short period of time. 

These first clinical results already show that lungs from patients with severe 
respiratory distress syndrome (RDS), superimposed with virus and bacterial 
pneumonia, can be reaerated by tracheal instillation of exogenous surfactant. 

Conclusions 

Results from these experimental and first clinical trials clearly indicate that the 
pulmonary surfactant system is at least involved in acute respiratory failure 
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Fig. 8. X rays from a child with a severe ARDS immediately before (a) and (b) 4 h after 
surfactant replacement therapy. (From [9] with permission) 
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Fig. 9. Pathogenesis of ARDS with special reference to the surfactant system, including 
suggestions to compensate for a damaged surfactant system 

such as ARDS, independently of its etiology. Thus, we conclude that after 
injury to the alveolar-capillary membrane, followed by capillary leakage, the 
surfactant system will be responsible for further pathophysiological changes 
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(Fig. 9). These well-documented functional disturbances in the lung result 
finally in the failure of the lung as a gas exchange organ. 

If it becomes possible in the near future to control mechanisms of blood 
coagulation and complement release as well as to prevent or delay toxic 
influence of high oxygen concentration and free oxygen radicals by specific 
agents and if, on the other hand, early damage in the surfactant system of the 
lung can be prevented by surfactant replacement combined with "non 
traumatic" artificial ventilation, the high mortality rate associated with RDS 
can probably be reduced. 

References 

1. Lachmann. B, Danzmann E (1984) Acute respiratory distress syndrome. In: Robertson B, 
Golde LMG, Batenburg 11 (eds) Pulmonary surfactant. Elsevier, Amsterdam 

2. Hein T, Lachmann B, Armbruster S, Smit JM, Voelkel N, Erdmann W (1987) 
Pulmonary surfactant inhibits the cardiovascular effects of platelet activating factor 
(PAF), 5-hydroxytryptamine (5-HT) and angiotensin II. Am Rev Respir Dis 135:A506 

3. Lachmann B (1985) Possible function of bronchial surfactant. Eur J Respir Dis 67:49--61 
4. Green GM (1973) Alveolobronchiolar transport mechanisms. Arch Intern Med 

31:109-114 
5. Reifenrath R (1983) Surfactant action in bronchial mucus. In: Cosmi EV, Scarpelli EM 

(eds) Pulmonary surfactant system. Elsevier, Amsterdam, pp 339-347 
6. Lachmann B, Becher G (1986) Protective effect of lung surfactant on allergic bronchial 

constriction in guinea pigs. Am Rev Respir Dis 133:A118 
7. Lachmann B, Fujiwara T, Chida S, Morita T, Konishi M, Nakamura K, Maeta H (1981) 

Improved gas exchange after tracheal instillation of surfactant in the experimental adult 
respiratory distress syndrome. Crit Care Med 9:158 

8. Lachmann B, Danzmann E (1984) Acute respiratory distress syndrome. In: Robertson B, 
Golde LMG, Batenburg 11 (eds) Pulmonary surfactant. Elsevier, Amsterdam, pp 
505-548 

9. Lachmann B (1987) The role of pulmonary surfactant in the pathogenesis and therapy of 
ARDS. In: Vincent JL (ed) Update in intensive care and emergency medicine. Springer, 
Berlin Heidelberg New York, pp 123-134 

10. Lachmann B, Fujiwara T, Chida S, Morita T, Konishi M, Nakamura K, Maeta H (1983) 
Surfactant replacement therapy in the experimental adult respiratory distress syndrome 
(ARDS) In: Cosmi EV, Scarpelli EM (eds) Pulmonary surfactant system. Elsevier, 
Amsterdam, pp 231-235 

11. Berggren P, Lachmann B, Curstedt T, Grossmann G, Robertson B (1986) Gas exchange 
and lung morphology after surfactant replacement in experimental adult respiratory 
distress syndrome induced by repeated lung lavage. Acta Anaesth Scand 30:321-328 

12. Kobayashi T, Kataoka H, Ueda T, Murakami S, Takeda Y, Kokubo M (1984) Effects of 
surfactant supplement and end-expiratory pressure in lung lavaged animals. J Appl 
Physiol 57 :995-1001 

13. Lachmann B, Bergmann K Ch (1987) Surfactant replacement improves thorax-lung 
compliance and survival rate in mice with influenza infection. Am Rev Respir Dis 
135:A6 

14. Lachmann B, Saugstad OD, Erdmann W (1987) Effect of surfactant replacement on 
respiratory failure induced by free oxygen radicals. In: Schlag G, Redl H (eds) First 
Vienna shock forum. Part B: Monitoring and treatment of shock. Liss, New York, pp 
305-313 

15. Lachmann B, Bergmann KC, Winsel K, MUller E, Petro W, Schaffer C, Vogel J (1975) 
Experimental respiratory distress syndrome after injection of anti-lung serum. III. 
Chronic experimental trial. Padiatrie und Grenzgebiete 14:211-233 



Surfactant Replacement in Acute Respiratory Failure 223 

16. Lachmann B, Hallman M, Bergmann K Ch (1987) Respiratory failure following anti
lung serum: study on mechanisms associated with surfactant system damage. Exp Lung 
Res 12:163-180 

17. Macklem PT, Proctor DF, Hogg (1970) The stability of peripheral airways. Respir 
Physiol 8:191-203 

18. Saugstad OD (1985) Oxygen radicals and pulmonary damage. Pediatr Pulmonol 
1:167-175 

19. Saugstad OD, Hallman M, Becher G, Oddoy A, Lachmann B (1984) Protective effect of 
superoxide dismutase on severe lung damage caused by xanthine oxidase. Pediatr Res 
18:802 

20. Lachmann B (1985) Possible function of bronchial surfactant. Eur J Respir Dis 67:49-61 


