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Introduction 

There are many functional and pathologic similarities between the adult respira
tory distress syndrome (ARDS) and the respiratory distress syndrome (RDS) of 
premature newborn infants, including a lack of surfactant in the alveolar spaces 
and airways [1, 2]. In ARDS, however, surfactant deficiency is a complication of 
lung injury rather than, as in neonatal RDS, a primary etiologic factor. 

This article will describe the normal function of the pulmonary surfactant sys
tem and, by explaining the mechanisms which lead to disturbances in function, 
to illustrate the central role of surfactant deficiency in ARDS and, finally, to 
show that abnormalities in blood gases and lung mechanics can be restored to 
"normal" by tracheal instillation of surfactant. 

Normal Physiologic Function of the Pulmonary Surfactant System 

Mechanical Stabilisation of the Lung Alveoli 

The integrity of the surfactant system of the lung is a prerequisite for normal 
breathing with the least possible effort. The surfactant system produces this ef
fect by decreasing the surface tension of the interface between alveoli and air. 
This provides an explanation as to why we have to generate a pressure of only 
4-8 cm H20 during each inspiration, whilst at the air-liquid interface only the 
surface tension of plasma is present and then a pressure of 25-40 cm H20 (de
pending on the radius of the alveoli) has to be generated for each inspiration. 
This is a well-known symptom in immature newborn babies with respiratory dis
tress syndrome and in adults with respiratory failure. In alveoli with different 
radiuses, an equal lowering of surface tension would not, however, produce sta
bilisation of the alveolar system. It would, according to the law of Laplace (P = 

2y/r; P = pressure in the bubble, y = surface tension, r = radius of the bubble) 
lead instead to the collapse of the smaller bubble or alveoli, and to their empty
ing into the larger ones. Since alveoli in vivo do not exhibit such behaviour, one 
may conclude that the second remarkable quality of the alveolar lining layer is 
that it can change the surface tension, dependent on the size of the alveoli. 
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Surfactant as Anti-oedema Factor 

Another function of the pulmonary surfactant system is stabilisation of the fluid 
balance in the lung and protection against lung oedema [3] (Fig. 1). In general, 
alveolar flooding will not occur as long as the suction force in the pulmonary 
interstitium exceeds the pressure gradient generated by surface tension in the 
alveolar air-liquid interface. Since this pressure gradient is inversely related to 
the radius of the alveolar curvature, there is, for each combination of interstitial 
resorptive force and average surface tension, a critical value for surface tension 
and for alveolar radius, below which alveolar flooding occurs. 

Surfactant and Local Defence Mechanisms 

Observations in patients have shown that, following a decrease in lung com
pliance (thus, surfactant deficiency), pneumonia will often develop, despite the 
application of high doses of antibiotics. Therefore, it is possible that the surfac
tant system is also involved in local defence mechanisms of the lung. It has been 
demonstrated that alveolar phagocytic macrophages ingest only bacteria (or de
stroy them intracellularly) in the presence of sufficient surface active material [4]. 
In this context surfactant seems to reduce the surface forces of bacterial mem
branes and is also an energy-rich substrate which balances the macrophages' 
high rate of metabolism. Recently we have 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 cardio-circulatory system 
against mediators produced by the lung. 

SCHEMATIC DIAGRAM OF WATER BALANCE IN THE LUNG 

A~jji~~_;PULMONARY CAPILLARY 

SUPERFICIAL LAYER 

- -- -- --PLASMA CAPILLARY TISSUE SURFACE 
ONCOTIC BLOOD FLUID TENSION 
PRESSURE PRESSURE ONCOTIC PRESSURE 

PRE SURE (Radius, Tenlion] 
"NORMAL" VALUES 37 . 15 ,+ 18 + , 
RESPIRATORY DISTRESS 37 < IS + 18 i" , to 30 
SYNDROME UI Ct) cn 

Fig. 1. Simplified schematic diagram representing the factors influencing the fluid balance in 
the lung 
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Surfactant and Airway Stabilization 

As early as 1970, Macklem et al. [5] drew attention to the significance of stabili
zation of the peripheral airways and hinted that its lack might cause airway ob
struction or collapse of the small bronchi with air trapping. Recently this has 
been proved in an animal model in our laboratory where it was demonstrated 
that the pressure needed to open up collapsed bronchi is about 20 cm H20. In 
the same study we also demonstrated that severe impairment of bronchial sur
factant can be successfully treated with exogenous surfactant replacement [6]. 

Surfactant and Transport Function 

Besides its role in mechanical stabilisation, bronchial surfactant also has a trans
porting function for mucus and inhaled particles. This has been proven, in vitro, 
in a study showing that particles on a surface film move only in one direction if 
the surface film is compressed and dilated - comparable to the compression and 
expansion during expiration and inspiration [6, 7]. Furthermore, bronchial sur
factant also acts as an antiglue factor, preventing the development of large adhe
sive forces between mucus particles as well as between mucus and the bronchial 
wall [8]. 

A further possible function of bronchial surfactant, which to date has scarcely 
been discussed, is its masking of receptors on smooth muscle with respect to 
substances which induce contraction and could lead to airway obstruction. We 
have recently demonstrated that lining the airway with surfactant in ovalbumin
sensitised guinea pigs prevented significant bronchial obstruction during antigen 
challenge in these animals [9]. This means that bronchial surfactant could also be 
involved in asthma. This is further supported by the fact that use of the most 
effective bronchodilating drugs (corticoids and beta-mimetics) leads to a release 
of surfactant. 

Functional Changes Due to a "Disturbed" Surfactant System 

When considering all the physiologic functions of the alveo-bronchial surfactant 
system it can easily be understood that alteration in its functional integrity will 
lead to: 

- decreased lung distensibility and thus to increased work of breathing and in
creased oxygen demand by the respiratory muscles 

- atelectasis 
- transudation of plasma into the alveoli with decreased diffusion for oxygen 

and CO2 

- inactivation of the surfactant by plasma and specific surfactant inhibitors 
- hypoxaemia and metabolic acidosis secondary to increased production of or-

ganic acids under anaerobic conditions 
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- enlargement of functional right-to-Ieft shunt due to perfusion of non venti
lated alveoli (the v. Euler-Liljestrand reflex does not "work" in surfactant de
ficient alveoli) 

- decreased production of surfactant as a result of hypoxaemia, acidosis and 
hypoperfusion. This will lead to a vicious circle and the lung will fail as a gas 
exchange organ. 

Some of these functional alterations within the lung are not typical of primary 
disturbances in the surfactant system. They may also appear in conjunction with 
certain diseases, such as bacterial pneumonitis, acute ( cardiac) pulmonary oede
ma, acute exacerbation of chronic lung diseases etc. But all the above-mentioned 
changes are typical for the respiratory distress syndrome in adults. The mortality 
rate for ARDS ranged from 40-70% and this high rate is reflected in increasing 
efforts all over the world to overcome this disease. 

Postmortem Characterisation of the Surfactant System 

Only a few reports have been published concerning the surfactant system in 
ARDS. Ashbaugh et al. [2] found increased minimal surface tension in lung ex
tracts from two ARDS patients who had been ventilated artificially for 2-4 days. 
In our own investigation [10], we used a modified Langmuir balance to evaluate 
surface properties of lung homogenates from 16 patients with ARDS. We found 
a significant correlation between the duration of artificial ventilation and the 
decrease in surfactant activity (Fig. 2, 3a and 3b). 

Hallman et al. [11] reported that bronchial lavage fluid from patients with 
ARDS failed to exhibit normal surfactant activity although its phospholipid con
tent was normal; this finding suggests the appearance of potent surfactant inhi-
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Fig. 2. Typical tension-area diagram of lung extracted from patient with ARDS (solid line) com
pared with analogous recording from a 30-year old man who died from extrapulmonary causes 
(dashed line). Note elevated minimal surface tension and reduced hysteresis area (HA) in pa
tient with ARDS. (From Lachmann et al. [to] with pemlission) 
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Fig. 3 a Surfactant activity, expressed as difference between maximal and minimal surface ten
sion (y max - Y min), in lung extracts from 16 patients with ARDS. Values for L'l. yare shown in 
relation to duration of artificial ventilation. The time scale is logarithmic (log h). X = patient in 
Fig. 2. (From Lachmann et al. [10], with permission) b Hysteresis area (HA) in surface-tension 
area diagrams of lung extracts from 16 patients with ARDS (as in Fig 3a). Values are shown in 
relation to duration of artificial ventilation. The time scale is logarithmic (log h). X = patient in 
Fig. 2. (From Lachmann et al. [10] with permission) 

bitors in the airspaces. Similarly, Petty et al. [12, 13] found that surface films 
formed by lung lavage fluid from ARDS patients had increased compressibility, 
while minimal surface tension did not differ from control levels. In this study, 
there was no significant difference in the recovery of total phospholipids be
tween ARDS patients and normal controls. However, in patients with ARDS the 
phospholipids were qualitively different from those recovered by bronchoalveo
lar lavage in normal controls and similar to those found in neonatal RDS. Thus, 
the LIS ratio and the content of the phosphatidylglycerol and saturated phos
phatidylcholine were low, whereas sphingomyelin and phosphatidylserine were 
relatively abundant [11]. Von Wichert and Kohl [14] found decreased dipalmi
toylphosphatidylcholine, but increased total phospholipids in lung homogenates 
from ARDS patients. These biochemical discrepancies might reflect.variations in 
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patient material and sampling procedures. Details concerning the duration of 
the disease were not reported by Hallman [11] or Petty et al. [12, 13]. Summaries 
of these few studies lead one to conclude that further postmortem investigation 
of the pulmonary surfactant system could be an important target for future re
search. 

Pathogenesis of ARDS 

The RDS in adults results from a group of diseases of varying etiology and is 
characterised by an increased capillary permeability, often associated with dam
age to the alveolar epithelium. The mechanisms responsible for injury to the 
alveolar-capillary membrane in ARDS are complex and are still under discus
sion [for review see 15-18]. In brief, activation of complement, a common conse
quence of trauma, sepsis and other predisposing events, generates mediators (es
pecially C5a) causing intravascular aggregation of leukocytes in the lungs. Ag
gregated neutrophils injure endothelial cells by producing toxic oxygen radicals. 
The neutrophils also liberate proteases destroying collagen, elastin and fibronec
tin and promote further local inflammatory changes by lysis of circulating 
plasma proteins, including Hageman factor, fibrinogen and complement. In ad
dition, pulmonary antiproteases are inactivated by oxygen radicals and by a 
therapeutic hyperoxic environment. 

This description represents an approximation of the mechanisms causing 
acute endothelial and interstitial tissue damage in ARDS. However, complement 
infusion in experimental animals does not lead to the severe pulmonary lesions 
seen in patients with ARDS. Therefore, some additional factors must be in
volved. These include abnormalities in blood clotting, such as disseminated in
travascular coagulation with formation of microthrombi in pulmonary vessels, 
local release of prostaglandins, vasoactive amines (histamine, serotonin, kinins 
and catecholamines), immune complexes, lymphokinins and lymphotoxins, and 
mediators from the arachidonic acid cascade, as well as influences from the cen
tral nervous system. Each of these additional mechanisms are capable of causing 
a significant disturbance of pulmonary vascular permeability in ARDS. 

But all these individual factors which can lead to a pulmonary oedema do not, 
however, necessarily lead to ARDS. Therefore another system must be involved 
to explain all these functional changes in ARDS. Thus, if there is a capillary 
leakage combined with damage to the alveolar epithelium the surfactant system 
will be responsible for further pathophysiological changes (Fig. 4). Independent 
of the primary cause of capillary damage, there will be an immediate or moder
ately slow loss of surface active material from the alveoli and small bronchi 
which is, however, compensated for by a release of stored surfactant from the 
type II cells. The progress of the disease depends on the balance between new 
production and release of surfactant into the alveoli and its inactivation/loss 
from the alveoli and airways. If the' synthesis is reduced e.g. by influenza virus, 
hypoxia or hyperoxia, an imbalance between new synthesis and demand will 
result. This will finally lead to a total loss of functional active surfactant, fol
lowed by the above-mentioned functional disturbances (changes in the lung) and 
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Fig. 4. Pathogenesis of ARDS with special reference to the surfactant system 

the lung "finally" fails as a gas exchange organ. The central role of surfactant 
deficiency in this context is illustrated by recent studies on animal models of 
ARDS and first clinical trials showing that abnormalities in blood gases and 
lung mechanics can be restored to "normal" by tracheal instillation of natural 
surfactant. 
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Surfactant Replacement in ARDS 

Animal Studies 

Although many investigators have documented successful treatment, or preven
tion, of neonatal RDS by tracheal instillation of surfactant, very few reports have 
been published concerning surfactant replacement in ARDS [19-22]. In 1967, 
Rufer showed that surfactant deficiency (induced in isolated rat lungs by bron
choalveolar lavage) can be compensated for by instillation of surfactant into the 
airways [23]. 

In experimental ARDS, induced by in vivo lung lavage, tracheal instillation of 
surfactant lipids results in striking improvement of gas exchange (Fig. 5), even if 
the treatment is given two hours after the lavage procedure (Fig. 6). Other ex
periments (in animals receiving surfactant) have documented that the improved 
blood gases are stable for at least five hours, whereas Pa02 in control animals 
remains low, despite ventilation with PEEP and pure oxygen (Fig. 7). Histologic 
lung sections from surfactant-treated animals showed a uniform pattern of well
aerated alveoli, with only minimal intra-alveolar oedema and hyaline mem
branes, whereas control animals ventilated with the same respirator setting had 
extensive atelectasis and prominent hyaline membranes. These results indicate 
that the ventilator treatment per se is not harmful to the pulmonary parenchyma, 
provided that alveolar collapse is prevented by surfactant replacement and shear 
forces thereby avoided. 
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Fig. 5. Effect of surfactant replacement on Pa02 (A) and PaC02 (B) in guinea pigs with severe 
ARDS induced by repeated lung lavage. The animals were ventilated with pressure-controlled 
ventilation, 100% oxygen, liE ratio 1: 1, frequency 20/min, insufflation pressure 28 cm H20 and 
PEEP 5 cm H20. Surfactant, made from bovine lung surfactant was administered twice via the 
tracheal cannula (arrows). Values are given as mean ± SD. (From Lachmann et al. [19, 20] with 
permission) 
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Fig. 7. Sequential recordings of Pa02 and PaC02 in two adult guinea pigs subjected to repeated 
lung lavage, followed by ventilation for 5 hours with pressure-controlled ventilation, 100% oxy
gen, liE ratio 1 :2, frequency 30/min, insufflation pressure 28 cm H20 and PEEP 6 cm H20. 
One animal received two tracheal instillations of natural surfactant (each dose 50 mg), 5 and 30 
min after lavage (arrows). The improved blood gases, recorded after surfactant replacement, are 
stable throughout the period of observation. (From Lachmann et al. [20] with permission) 

We have also found that surfactant replacement is an effective therapeutic 
measure in experimental viral pneumonia,. In these studies, lung mechanics were 
recorded in mice 6 days after infection with influenza virus, before and after 
tracheal instillation of surfactant. Surfactant replacement resulted in a signifi
cant augmentation of tidal volumes at insufflation pressure 25 cm H20, from 
5.8 ± 1.3 to 19.5 ± 6.4 mllkg (mean ± SD). 
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Histologic examination of the lungs, from all animals, showed the interstitial 
infiltration of mononuclear inflammatory cells, typical of viral pneumonia. Ani
mals 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. 

Fig. 8 a, b. X-rays from a child with a severe ARDS immediately 
before (a) and 4 hr after surfactant replacement therapy (b) 
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Surfactant Substitution in Clinical ARDS 

In a terminal patient with sepsis and severe ARDS (Pa02 of 19 mmHg, despite 
pressure controlled ventilation with an I: E ratio of 3: 1; peak airway pressure of 
48 cm H20; PEEP 12 cm H20; FI02 = 1), tracheal instillation of natural surfac
tant (± 2 mllkg BW; total phospholipid content 55 mg/ml) led, within a few 
hours, to a dramatic improvement in gas exchange (Pa02 from 19 mmHg to 240 
mmHg; PaC02 from 68 to 45 mmHg). Chest x-rays, made 20 minutes before 
surfactant instillation (Fig. 8a) and 4 hours later (Fig. 8b), clearly showed that a 
near "normal" situation had been restored within this short period of time. 
These first clinical results already show that lungs from patients with severe 
RDS, superimposed with virus and bacterial pneumonia, can be re-aerated by 
tracheal instillation of exogenous surfactant. 

Conclusions 

On the basis of our current understanding of the lung surfactant system it is 
established that surfactant serves as an anti-atelectasis factor, an anti-oedema 
factor, as an essential substrate for local defence mechanisms and for non-ciliar 
mucous transport and, as shown by our latest results, surfactant is also involved 
in bronchial obstruction and protection of the lung against pollution. Together 
with other therapeutic measures such as inhibition of proteases and metabolites 
of the arachidonic acid cascade, improved control of blood coagulation, comple
ment release and administration of anti-oxidants, surfactant replacement will be 
one of the most important therapeutic measures in ARDS. 
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