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Surfactant impairment after mechanical ventilation with large alveolar 
surface area changes and effects of positive end-expiratory pressure 
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Summary 
We have assessed the effects of overinflation on 
surfactant function and composition in rats 
undergoing ventilation for 20 min with 100% 
oxygen at a peak inspiratory pressure of 45 cm 
H2O, with or without PEEP 10 cm H2O (groups 
45/10 and 45/0, respectively). Mean tidal vol- 
umes were 48.4 (SEM 0.3) ml kg�1 in group 45/0 
and 18.3 (0.1) ml kg�1 in group 45/10. Arterial oxy- 
genation in group 45/0 was reduced after 20 min 
compared with group 45/10 (305 (71) vs 564 (10) 
mm Hg); maximal compliance of the P�V curve 
was decreased (2.09 (0.13) vs 4.16 (0.35) ml cm 
H2O�1 kg�1); total lung volume at a transpulmonary 
pressure of 5 cm H2O was reduced (6.5 (1.0) vs 
18.8 (1.4) ml kg�1) and the Gruenwald index was 
less (0.22 (0.02) vs 0.40 (0.05)). Bronchoalveolar 
lavage fluid from the group of animals who 
underwent ventilation without PEEP had a 
greater protein concentration (2.18 (0.11) vs 0.76 
(0.22) mg ml�1) and a greater minimal surface 
tension (37.2 (6.3) vs 24.5 (2.8) mN m�1) than in 
those who underwent ventilation with PEEP. 
Group 45/0 had an increase in non-active to 
active total phosphorus compared with non- 
ventilated controls (0.90 (0.16) vs 0.30 (0.07)). We 
conclude that ventilation in healthy rats with 
peak inspiratory pressures of 45 cm H2O without 
PEEP for 20 min caused severe impairment of 
pulmonary surfactant composition and function 
which can be prevented by the use of PEEP 10 
cm H2O. (Br. J. Anaesth. 1998; 80: 360�364) 
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Pioneering work by Mead and Collier in 1959 
showed that mechanical ventilation in dogs resulted 
in a progressive decrease in pulmonary compliance 
which was reversed by periodic forced inflations.1 
Greenfield, Ebert and Benson related these changes 
in compliance to pulmonary surfactant by demon- 
strating increased surface tension in lung extracts 
from dogs whose lungs were ventilated with peak 
inspiratory pressures of 28–32 cm H2O for 1–2 h.2 

Intra-alveolar oedema in healthy rats subjected to 
intermittent positive pressure ventilation (IPPV) at 
high inflation pressures (HIPPV), without positive 
end-expiratory pressure (PEEP), was first demon- 
strated by Webb and Tierney3 and later confirmed by 
Dreyfuss and colleagues.4 Dreyfuss and colleagues 
showed that damage to lung tissue resulting in 
oedema formation began at the capillary endothe- 

lium and progressed rapidly to the alveolar epithe- 
lium within 20 min.4 Using PEEP 10 cm H2O and 
the same peak inspiratory pressure, the lung was par- 
tially preserved from this high permeability 
oedema.4 5 A subsequent study showed that the main 
determinant of lung oedema formation was end- 
inspiratory lung volume and attributed the effect of 
PEEP to a decrease in lung capillary hydrostatic 
pressure.6 

We postulate a different explanation for the effect 
of PEEP which may prevent impairment of the 
pulmonary surfactant system by reducing the large 
changes in alveolar surface area which occur during 
mechanical ventilation with large tidal volumes. The 
balance of hydrostatic forces is altered when 
surfactant is impaired: pressure within the alveolar 
fluid lining is reduced, applying more “suction” to 
the interstitial space. If PEEP reduces surfactant 
impairment, this prevents suction-induced pulmo- 
nary oedema. To assess this hypothesis, we con- 
ducted a study to measure changes in surfactant 
function and composition after mechanical ventila- 
tion with high lung volumes or with PEEP when 
changes in lung volume were less. 

Materials and methods 
The study was approved by the local Animal 
Committee, and the care and handling of the animals 
conformed with European Community guidelines 
(86/609/EC). 

Twenty-four adult male Sprague–Dawley rats, 
weighing 290–350 g, were anaesthetized with 2% 
halothane and 65% nitrous oxide in oxygen, 
tracheotomized and a catheter inserted into a carotid 
artery. During the experiment anaesthesia was main- 
tained with pentobarbital 60 mg kg�1 i.p. (Nembutal; 
Algin BV, Maassluis, the Netherlands); neuromuscu- 
lar block was produced with pancuronium 2.0 mg 
kg�1 i.m. (Pavulon; Organon Technika, Boxtel, the 
Netherlands). 

After neuromuscular block, the animals were con- 
nected to a ventilator (Servo Ventilator 300, 
Siemens-Elema, Solna, Sweden) in a pressure- 
controlled mode, at an 

2OI( )F  of 1.0, frequency 30 
bpm and an I/E ratio of 1:2. In order to re-open the 
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atelectatic lung areas induced by the surgical 
procedure, mechanical ventilation with a peak airway 
pressure of 26 cm H2O and a PEEP of 6 cm H2O was 
applied for 30 s. The animals were allocated 
randomly to one of four groups (n�6 in each 
group). Animals in group 7/0 underwent ventilation 
with a peak pressure of 7 cm H2O without PEEP; 
group 45/0 underwent ventilation with a peak 
pressure of 45 cm H2O without PEEP; and group 
45/10 underwent ventilation with a peak pressure of 
45 cm H2O and a PEEP of 10 cm H2O. Ventilatory 
frequency was set at 60 bpm in group 7/0 and 25 
bpm in group 45/10 to maintain 

2CO( a )P  within the 
normal range. Ventilatory frequency in group 45/0 
was the same as in group 45/10. The control group 
was killed immediately after the surgical procedure 
without undergoing mechanical ventilation. After 
ventilation for 20 min, the other animals were killed 
by an overdose of pentobarbital via the penile vein, 
followed by KCl. 

Blood samples obtained from the carotid artery 
were measured (ABL 505, Radiometer, Copenha- 
gen, Denmark) 1, 10 and 20 min after 30 s of venti- 
lation with pressures of 26/6. Mean arterial pressure 
was measured using a Statham P23XL transducer 
(Spectramed, Oxnard, CA, USA) and recorded (Sie- 
mens Sirecust 404–1, Danvers, MA, USA). 

During mechanical ventilation, animals were 
placed in a volume-constant body plethysmograph to 
allow continuous recording of tidal volume. A 
pressure transducer (Validyne model DP 45–32, 
Validyne Engineering Co., Northridge, CA, USA) 
recorded pressure changes which were sampled at 10 
Hz using a 12-bit analogue-to-digital converter 
(DAS 1800, Keithley MetraByte, Taunton, MA, 
USA). 

After the animals were killed, a static pressure– 
volume plot was recorded using conventional 
techniques.7 Maximal compliance (Cmax) was de- 
fined as the steepest part of the pressure–volume 
deflation curve,8 and was determined separately for 
each animal. The Gruenwald index, defined as (2V5 
� V10)/2Vmax, where V5, V10 and Vmax�lung 
volumes above functional residual capacity (FRC) at 
transpulmonary pressures of 5, 10 and 35 cm H2O, 
respectively, was calculated.9 FRC was taken to be 
total lung volume at a transpulmonary pressure of 5 
cm H2O (V5)10; total lung weight was recorded. The 
lungs were lavaged with saline–CaCl2 1.5 mmol 
litre�1.11 The active component of surfactant in the 
bronchoalveolar lavage fluid was separated from the 
non-active surfactant component by differential 
centrifugation11 followed by subsequent phosphorus 
analysis,12 and the ratio of inactive to active surfactant 
was calculated. The protein concentration of BAL 
was determined using the Bradford method (Bio- 
Rad protein assay, Munich, Germany).13 Some of the 
re-suspension (20 �l) of the active surfactant part was 
used for biophysical analysis of minimal surface ten- 
sion after 50 cycles on a pulsating bubble surfacto- 
meter (PBS; Electronetics Corporation, Tonowanda, 
NY, USA), as described by Enhorning.14 

STATISTICAL ANALYSIS 

Statistical analysis was performed using the Instat 
2.0 biostatistics package (GraphPad software, San 
Diego, CA, USA). Intra-group comparisons were 
analysed using ANOVA. Inter-group comparisons 
were analysed with repeated measures ANOVA. If 
ANOVA resulted in P�0.05, a Bonferroni post-test 
was performed. All data are reported as mean (SEM). 

Results 
Data followed a normal distribution. Tidal volume, 

2O( a ),P
2CO( a )P  and mean arterial pressure over time 

in the three groups are shown in table 1. During the 
study, tidal volumes differed markedly between 
groups (table 1). At t�1 min, 

2O( a )P  was comparable 
in the three study groups and remained stable in 
groups 7/0 and 45/10; 

2O( a )P  in group 45/0 decreased 
significantly after 10 min. 

Table 2 shows recovery of BAL fluid and 
post-mortem data for Cmax, Gruenwald index, V5, 
total lung weight, total phosphorus, protein concen- 

Table 1 Tidal volume (VT) (ml kg�1), mean arterial pressure 
(MAP) (mm Hg) and blood-gas tensions (torr) in the three 
groups who underwent ventilation during the study (mean 
(SEM)). Inter- and intra-group comparisons: ANOVA with 
Bonferroni post-test if ANOVA P�0.05. Significance difference 
compared with: #t�0 min: ‡t�1 min; §t=1, 10 min; *group 7/0; 
and †group 45/0 

Group     
Time 
(min) 7/0 45/10 45/0 

VT 0 12.2 (1.2) 18.2 (2.2)*† 46.4 (2.7)* 
 1 12.2 (1.2) 17.8 (2.1)*† 49.5 (2.7)* 
 5 11.5 (1.0) 17.9 (2.7)*† 51.0 (2.1)* 
 10 10.4 (1.3)# 18.5 (2.7)*† 49.6 (2.2)* 
 15 10.2 (1.3)# 18.9 (2.7)*† 46.3 (2.5)* 
 20 10.2 (1.2)# 18.9 (2.7)*† 44.9 (2.6)* 

2OaP  1 522 (18) 511 (18) 492 (12) 
 10 497 (16) 525 (13) 524 (17) 
 20 508 (24)† 564 (10)†‡ 305 (71)§ 

2COaP  1 35.3 (3.3)† 31.5 (1.9) 23.4 (1.9) 
 10 37.6 (3.8)† 42.0 (3.1)† 21.1 (1.8) 
 20 39.6 (4.3)† 43.1 (3.8)†‡ 24.8 (1.7) 
MAP 0 113.1 (5.2) 97.0 (9.4) 103.5 (10.9) 
 1 134.8 (5.7) 65.2 (7.9)* 77.3 (9.3)* 
 10 136.5 (7.7) 85.4 (8.6)* 92.3 (5.8)* 
 20 137.6 (5.8) 97.6 (15.3) 64.7 (8.1)* 

Table 2 Recovery of lavage fluid and post-mortem data for 
maximal compliance (Cmax), Gruenwald index, V5, total lung 
weight, total phosphorus, protein concentration of BAL and 
surface tension in all four groups after the ventilation period 
(mean (SEM)). Inter-group comparisons: ANOVA with 
Bonferroni post-test if ANOVA P�0.05. *Group 45/0 
significantly different compared with all other groups 

 Group    

 Control 7/0 45/10 45/0 

Recovery BAL fluid 74.4 75.6 75.0 73.3 
(%) (1.9) (2.2) (3.2) (1.2) 

Cmax (ml cm H2O�1 4.11 4.49 4.16 2.09 
kg�1) (0.23) (0.48) (0.35) (0.13)* 

Gruenwald index 0.41 0.46 0.40 0.22 
 (0.04) (0.08) (0.05) (0.02)* 
V5 (ml kg�1) 17.0 16.0 18.8 6.5 
 (1.5) (0.8) (1.4) (1.0)* 
Total lung weight (g) 1.9 2.0 2.5 3.9 
 (0.1) (0.1) (0.1) (0.1)* 
Total phosphorus 3.8 3.6 4.5 3.1 (0.3) 

(µmol) (0.9) (0.3) (0.2)  
Protein concn BAL 0.44 0.30 0.76 2.18 

(mg ml�1) (0.18) (0.06) (0.22) (0.11)* 
Minimal surface 24.3 26.6 24.5 37.2 

tension (mN m�1) (1.3) (1.8) (2.8) (6.3)* 
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tration of BAL and minimal surface tension for the 
three study groups and the control group. There was 
no significant difference between group 7/0 and the 
control group for any variable. However, there were 
significant differences between group 7/0 and group 
45/0 for all variables except total phosphorus. Figure 
1 shows that the ratio of non-active to active 
surfactant was greater in group 45/0 compared with 
controls. Group 45/10 showed no impairment of any 
variable compared with the other groups or with 
controls. In addition, all variables were significantly 
different between groups 45/10 and 45/0. 

Discussion 
In this study we used an established rat model of 
ventilation-induced lung injury first developed by 
Webb and Tierney3 and later investigated by 
Dreyfuss and colleagues.4 5 The role of changes in 
pulmonary surfactant, however, has never been 
investigated in this animal model. The study was 
designed to better understand the relation between 
changes in lung morphology and permeability, and 
changes in the pulmonary surfactant system. We 
used established techniques to characterize the 
pulmonary surfactant system. Significant changes in 
surfactant function and composition occurred after 
lung overinflation without PEEP for a period as short 
as 20 min. Surfactant composition, characterized by 
significant conversion of active to non-active sur- 
factant, was changed after ventilation with HIPPV, 
without PEEP, compared with controls who did not 
undergo ventilation. Impairment of surfactant func- 
tion after lung overinflation was associated with 
impairment of lung mechanics and an increase in 
minimal surface tension of lung lavage fluid extracts. 
Impairment of surfactant composition and function 
caused by lung overinflation was prevented by the 
use of PEEP 10 cm H2O. These findings support the 
hypothesis that the beneficial effect of PEEP in this 
model of ventilation-induced lung injury is mediated 
by prevention of impairment of surfactant composi- 
tion and function. 

Protein concentration after mechanical ventilation 
with high lung volumes was increased in BAL fluid in 
group 45/0; PEEP 10 cm H2O prevented protein 
accumulation. These data are consistent with previ- 
ous studies in this model which showed less accumu- 
lation of lung water, lung protein permeability and 

absence of intra-alveolar oedema with PEEP 10 cm 
H2O during ventilation with high peak inspiratory 
lung volumes.3 5 

The exact mechanism of ventilation-induced lung 
injury, and contributory factors, are still disputed. 
Experiments in rats with high peak inspiratory pres- 
sure ventilation of 45 cm H2O, where peak inspira- 
tory volume was limited by thorax restriction, have 
shown clearly that high peak inspiratory pressures 
alone do not induce lung injury.5 However, a high 
peak inspiratory lung volume with peak inspiratory 
ovestretching alone can also not explain ventilation- 
induced lung injury, as the use of PEEP 10 cm H2O 
at identical peak inspiratory lung volumes almost 
completely prevented histologically assessed lung 
injury.5 Although a role for surfactant in lung injury 
caused by lung overinflation was suggested,5 our data 
are the first to show the association of surfactant 
changes in lung injury with mechanical ventilation 
using high lung volumes. 

Several mechanisms are involved in the changes in 
surfactant function during mechanical ventilation. 
First, mechanical ventilation combined with over- 
inflation enhances the release of surfactant from 
pneumocytes type II into the alveolus.15–18 This mate- 
rial may be lost from the alveoli into the airways by 
compression of the surfactant film if the alveolar sur- 
face area becomes smaller than the surface area 
occupied by the surfactant molecules, so that 
surface-active material moves into the airways.19 20 
This mechanism of surfactant depletion after me- 
chanical ventilation was first shown by Faridy in the 
isolated rat lung.20 Mechanical ventilation increased 
the surface activity of lavage fluid of the pulmonary 
airways; this change in activity was dependent on the 
duration of ventilation and size of the tidal volume.20 
Studies by Wyszogrodski and colleagues have shown 
that PEEP prevents a decrease in lung compliance 
and surface activity of lung extracts, indicating 
prevention of loss of alveolar surfactant function dur- 
ing lung overinflation.19 It was suggested that PEEP 
prevents alveolar collapse and thus maintains the 
end-expiratory volume of alveoli at a higher level, 
thereby preventing excessive loss of surfactant in the 
small airways during expiration.21 

Second, the pulmonary surfactant system can be 
divided into active and non-active subfractions by 
differential centrifugation.11 The active subfractions, 
which represent tubular, myelin-like forms of sur- 
factant, are the metabolic precursors of the non- 
active components, which represent small vesicular 
structures.22 Gross and Narine were the first to show 
that conversion of active to non-active surfactant 
subfractions is dependent on cyclic changes in 
surface area in vitro.23 To maintain an adequate pool 
of functional surfactant subfractions in the airspaces 
in vivo, it is necessary to maintain a balance between 
secretion, uptake and clearance of the active and 
non-active surfactant subfractions.22 Recent in vivo 
studies by Veldhuizen and colleagues in rabbits 
attributed surfactant conversion to a change in alveo- 
lar surface area associated with mechanical 
ventilation.24 25 They found that changing ventilatory 
frequency24 or the level of PEEP25 did not affect the 
rate of conversion but that conversion of surfactant 
subfractions is dependent on tidal volume and time.24 
We found a significant conversion of active to 

 

Figure 1 Ratio of non-active to active total phosphorus (P). 
Group 45/0 had a significant conversion of active to non-active 
total P during the ventilation period compared with controls. 
Values are mean (SEM). *P<0.05 compared with the control 
group. 
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non-active surfactant in group 45/0 compared with 
non-ventilated controls, but no significant conversion 
in the two other groups who underwent ventilation 
compared with controls. We suggest that the large 
tidal volume in group 45/0 was able to induce signifi- 
cant surfactant conversion within 20 min. However, 
this 20-min period was too short to cause a 
significant difference in surfactant conversion in the 
groups undergoing ventilation with lower tidal 
volumes compared with non-ventilated controls. The 
exact mechanisms underlying surfactant conversion 
as a result of changes in surface area are unknown. 

An important function of pulmonary surfactant is 
to aid fluid balance in the lung and prevent 
pulmonary oedema from increased suction forces at 
the alveolo-capillary barrier.26 Loss of surfactant 
function with an increase in surface tension at the air– 
liquid interphase on the alveolar walls decreases the 
pressure in the alveolar fluid, altering the pressure 
gradient across the alveolo-capillary membrane in the 
alveolar direction.26–28 In vitro and in vivo studies have 
shown that pulmonary oedema, and in particular 
plasma-derived proteins in this oedema, are capable 
of inactivating surfactant in a dose-dependent 
manner.29–32 This further decreases the pressure in the 
alveolar fluid and thus causes further surfactant inac- 
tivation. When this vicious circle of surfactant inacti- 
vation has started, the resulting protein-rich pulmo- 
nary oedema accounts for much of the surfactant 
alterations seen in group 45/0. The importance of 
subtle primary changes in the pulmonary surfactant 
system in increasing the pressure gradient across the 
alveolo-capillary membrane, initiating a subsequent 
cascade of protein inactivation, was recently shown in 
a model of surfactant perturbation by dioctyl sodium 
sulphosuccinate, which does not cause any other 
damage to the alveolo-capillary barrier.28 The study 
also showed that changes in surfactant make the lung 
vulnerable to damage by mechanical ventilation.28 

Findings in animals with induced acute respiratory 
failure and in patients with acute respiratory distress 
syndrome (ARDS) suggest that changes in the 
pulmonary surfactant system play a central role in 
this disease process.33 Irrespective of the cause, 
decreased surfactant function increases the forces 
acting at the air–liquid interface of the alveolus and 
can lead to consequences such as decreased pulmo- 
nary compliance, decreased FRC with end- 
expiratory alveolar collapse, right-to-left shunt and 
hypoxaemia with anaerobic metabolism.33 Such 
changes necessitate the use of mechanical ventilation 
to maintain adequate oxygen delivery to the tissues. 
Mechanical ventilation may, however, perpetuate the 
alterations in the pulmonary surfactant system, as 
found in this study, indicating that mechanical venti- 
lation with high peak inspiratory pressures in patients 
with ARDS may impair the function of those alveoli 
that are still intact. The data also suggest that it is 
important to use PEEP in these patients to preserve 
normal surfactant function of alveoli that are not yet 
affected by the disease process. 

We conclude that ventilation of the lungs of healthy 
rats with high peak inspiratory volumes at peak 
inspiratory pressure of 45 cm H2O without PEEP 
caused severe impairment of pulmonary surfactant 
composition and function. PEEP prevented this 
impairment of the surfactant system, probably by 

reducing the amount of change in alveolar surface 
area, which prevents: surfactant displacement from 
the alveolar air–liquid interface into the small 
airways; increased conversion of active to non-active 
surfactant subfractions; and increased hydrostatic 
forces over the alveolo-capillary barrier which could 
lead to a self-propagating mechanism of surfactant 
inactivation. 

Acknowledgements 
We thank the Department of Paediatrics at Erasmus University 
Rotterdam for assisting with phospholipid measurements, Paul 
Huygen and Wim Holland for assisting with body plethysmograph 
measurements and Laraine Visser-Isles for English language edit- 
ing. Supported by the International Foundation for Clinically Ori- 
ented Research (IFCOR). 

References 

 1. Mead J, Collier C. Relationship of volume history of lungs to 
respiratory mechanics in anesthetised dogs. Journal of Applied 
Physiology 1959; 14: 669–678. 

 2. Greenfield LJ, Ebert PA, Benson DW. Effect of positive pres- 
sure ventilation on surface tension properties of lung extracts. 
Anesthesiology 1964; 25: 312–316. 

 3. Webb HH, Tierney DF. Experimental pulmonary edema due 
to high intermittent positive pressure ventilation with high 
inflation pressures. Protection by positive end-expiratory 
pressure. American Review of Respiratory Disease 1974; 110: 
556–565. 

 4. Dreyfuss D, Basset G, Soler P, Saumon G. Intermittent posi- 
tive pressure hyperventilation with high inflation pressures 
produces pulmonary microvascular injury in rats. American 
Review of Respiratory Disease 1985; 132: 880–884. 

 5. Dreyfuss D, Soler P, Basset G, Saumon G. High inflation 
pressure pulmonary edema: respective effects of high airway 
pressure, high tidal volume, and positive end-expiratory pres- 
sure. American Review of Respiratory Disease 1988; 137: 1159– 
1164. 

 6. Dreyfuss D, Saumon G. Role of tidal volume, FRC, and end- 
inspiratory volume in the development of pulmonary edema 
following mechanical ventilation. American Review of Respira- 
tory Disease 1993; 148: 1194–1203. 

 7. Nilsson R, Grossmann G, Robertson B. Bronchiolar epithelial 
lesions induced in the premature rabbit neonate by short peri- 
ods of artificial ventilation. Acta Pathologica et Microbiologica 
Scandinavica 1980; 88: 359–367. 

 8. Gommers D, Vilstrup C, Bos JAH, Larsson A, Werner O, 
Hannappel E, Lachmann B. Exogenous surfactant therapy 
increases static lung compliance and cannot be assessed by 
measurements of dynamic compliance alone. Critical Care 
Medicine 1993; 21: 567–574. 

 9. Gruenwald P. A numerical index of the stability of lung 
expansion. Journal of Applied Physiology 1963; 18: 665–667. 

10. van Daal GJ, Bos JAH, Eijking EP, Gommers D, Hannapel E, 
Lachmann B. Surfactant replacement therapy improves 
pulmonary mechanics in end-stage influenza A pneumonia in 
mice. American Review of Respiratory Disease 1992; 145: 859– 
863. 

11. Veldhuizen RAW, Inchley K, Hearn SA, Lewis JF, Possmayer 
F. Degradation of surfactant associated protein B (SP-B) dur- 
ing in vitro conversion of large into small surfactant 
aggregates. Biochemical Journal 1993; 295: 141–147. 

12. Rouser G, Fleisher S, Yamamoto A. Two dimensional thin 
layer chromatographic separation of polar lipids and determi- 
nation of phospholipids by phosphorus analysis of spots. Lip- 
ids 1970; 5: 494–496. 

13. Bradford MM. A rapid and sensitive method for the quantisa- 
tion of microgram quantities of protein utilizing the principle 
of protein-dye binding. Analytical Biochemistry 1976; 72: 248– 
254. 

14. Enhorning G. Pulsating bubble technique for evaluating pul- 
monary surfactant. Journal of Applied Physiology 1977; 43: 
198–203. 

15. Faridy EE, Permutt S, Riley RL. Effect of ventilation on sur- 
face forces in excised dogs’ lungs. Journal of Applied Physiology 
1966; 21: 1453–1462. 



364 British Journal of Anaesthesia 

16. McClenahan JB, Urtnowski A. Effect of ventilation on 
surfactant and its turnover rate. Journal of Applied Physiology 
1967; 23: 215–230. 

17. Forrest JB. The effect of hyperventilation on pulmonary sur- 
face activity. British Journal of Anaesthesia 1972; 44: 313–319. 

18. Massaro GD, Massaro D. Morphologic evidence that large 
inflations of the lung stimulate secretion of surfactant. Ameri- 
can Review of Respiratory Disease 1983; 127: 235–236. 

19. Wyszogrodski I, Kyei-Aboagye K, Taeusch W jr, Avery ME. 
Surfactant inactivation by hyperinflation: conservation by 
end-expiratory pressure. Journal of Applied Physiology 1975; 
38: 461–466. 

20. Faridy EE. Effect of ventilation on movement of surfactant in 
airways. Respiration Physiology 1976; 27: 323–334. 

21. Tyler DC. Positive end-expiratory pressure: a review. Critical 
Care Medicine 1983; 11: 300–308. 

22. Magoon MW, Wright JR, Baritussio A, Williams MC, Goerke 
J, Benson BJ, Hamilton RL, Clements JA. Subfractions of 
lung surfactant. Implications for metabolism and surface 
activity. Biochimica et Biophysica Acta 1983; 750: 18–31. 

23. Gross NJ, Narine KR. Surfactant subtypes of mice: metabolic 
relationship and conversion in vitro. Journal of Applied Physiol- 
ogy 1989; 66: 414–421. 

24. Veldhuizen RAW, Marcou J, Yao LJ, McGraig L, Ito Y, Lewis 
JF. Alveolar surfactant aggregate conversion in ventilated nor- 
mal and injured rabbits. American Journal of Physiology 1996; 
270: L152–158. 

25. Ito Y, Veldhuizen RAW, Yao LJ, McGraig LA, Bartlett AJ, 
Lewis JF. Ventilation strategies affect surfactant aggregate 
conversion in acute lung injury. American Journal of 
Respiratory and Critical Care Medicine 1997; 155: 493–499. 

26. Gommers D, Lachmann B. Surfactant therapy: does it have a 
role in adults? Clinical Intensive Care 1993; 4: 284–295. 

27. Nieman GF, Bredenberg CE. Pulmonary edema induced by 
high alveolar surface tension. Progress in Respiration Research 
1984; 18: 204–207. 

28. Taskar V, John J, Evander E, Robertson B, Jonson B. 
Surfactant dysfunction makes lungs vulnerable to repetitive 
collapse and reexpansion. American Journal of Respiratory and 
Critical Care Medicine 1997; 155: 313–320. 

29. Said SI, Avery ME, Davis RK, Banerjee CM, El-Cohary M. 
Pulmonary surface activity in induced pulmonary edema. 
Journal of Clinical Investigation 1965; 44: 458–464. 

30. Seeger W, Stöhr G, Wolf HRD, Neuhof H. Alteration of sur- 
factant function due to protein leakage: special interaction 
with the fibrin monomer. Journal of Applied Physiology 1985; 
58: 326–338. 

31. Kobayashi T, Nitta K, Ganzuka M, Inui S, Grossmann G, 
Robertson B. Inactivation of exogenous surfactant by pulmo- 
nary edema fluid. Pediatric Research 1991; 29: 353–356. 

32. Lachmann B, Eijking EP, So KL, Gommers D. In vivo evalua- 
tion of the inhibitory capacity of human plasma on exogenous 
surfactant function. Intensive Care Medicine 1994; 20: 6–11. 

33. Gommers D, Lachmann B. Surfactant therapy in the adult 
patient. Current Opinion in Critical Care 1995; 1: 57–61. 


