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ABSTRAm. Prophylactic treatment with ovine surfactant 
was evaluated in preterm lambs at risk for development of 
hyaline membrane disease. Eight mechanically ventilated 
newborn lambs were treated before delivery and 10 served 
as controls (gestational age 129-131 d). Lung mechanics, 
functional residual capacity, alveolar ventilation, efficiency 
of ventilation, and distribution of ventilation were tested 
using pressure, flow, and nitrogen elimination (nitrogen 
washout during 100% oxygen breathing) measurements in 
the endotracheal tube. The surfactant-treated animals 
showed significantly improved gas mixing efficiency in the 
lung with improved alveolar ventilation. Single exponential 
washout pattern dominated in both groups. Adequate func- 
tional residual capacity was established earlier after birth 
in the treated lambs than in the control animals. Lung 
mechanics in the treated group showed significant improve- 
ment in dynamic lung compliance. Surfactant treatment 
also improved gas exchange and reduced respirator pres- 
sure requirement. We speculate that the main functional 
effect of surfactant treatment in preterm lambs at risk to 
develop hyaline membrane disease is to maintain the pa- 
tency of the peripheral airways in the lung, which improves 
diffusive gas mixing, alveolar ventilation, and gas ex- 
change. The techniques used in this study should also be 
useful to evaluate lung function in preterm human infants 
after specific adaptation of the equipment size. (Pediatr 
Res 30: 181-189,1991) 

Abbreviations 

Cdyn, dynamic lung compliance of the respiratory system 
FRC, functional residual capacity 
HMD, hyaline membrane disease 
NC, nitrogen clearance 
PEEP, positive end expiratory pressure 
PIP, positive inspiratory pressure 
Va, alveolar ventilation 
VD, dead space 
VT, tidal volume 
VLN2, expired nitrogen lung volume 
ET, endotracheal tube 
Fi02, fraction of inspired oxygen 
F, ventilatory flow 

exogenous surfactant improves lung function (1-8), clinical 
course, and outcome (9-1 1). It has also been suggested that 
prophylactic surfactant treatment before initiation of sponta- 
neous or mechanical ventilation is the best way to prevent injury 
to distal conducting airways, i.e. respiratory bronchioles and 
alveolar ducts, which otherwise is one of the characteristics of 
HMD (12, 13). 

This study was designed to investigate the immediate effects 
of prophylactic treatment with natural ovine surfactant on sev- 
eral aspects of lung function in a surfactant-deficient lung. In- 
stillation of surfactant into such a lung is expected to alter its 
properties and function. It can also be postulated that the impact 
of positive pressure ventilation on a surfactant-deficient versus a 
nondeficient lung is quite different due to different functional 
characteristics. An HMD lamb lung model was used to mimic 
the clinical situation of prophylactic surfactant treatment in 
preterm infants at risk to develop HMD. The technique used to 
measure lung function was designed to be noninvasive, not to 
interfere with ongoing mechanical ventilation, and to be useful 
in newborn infants with lung disease. 

MATERIALS AND METHODS 

Animal preparation. Eighteen lambs were delivered by cesar- 
ean section at a gestational age of 129 to 13 1 d. Term gestational 
age is 147 d. The cesarean section was performed during general 
anesthesia induced by i.v. barbiturates followed by halothane, 
nitrous oxide, and oxygen inhalation. The ewes were monitored 
with arterial blood pressure and repeated arterial blood gases 
during the procedure. A small incision was done in the wall of 
the uterus. The head and neck of the lamb were exposed, leaving 
the body in utero with intact placental circulation. A tracheotomy 
was performed, and an ET, size 5.5, was secured. Catheters were 
inserted into the pulmonary artery from a jugular vein (5 Fr 
Swan-Ganz) and into a carotid artery for pressure monitoring 
and blood gas sampling. 

Eight lambs were given surfactant and 10 lambs served as 
controls. The median birth weight and range was 3.5 kg (2.9-4.0 
kg) in the treatment group and 3.9 kg (3.0-5.3 kg) in the control 
group. The median gestational age and range was 129 d (129- 
13 1 d) in both groups. 

The research protocol was approved by the Vanderbilt Uni- 
versity Animal care committee.^ 

Experimental protocol. Leaving the umbilical circulation in- 
There is extensive evidence from studies in animal models and tact, the lamb was weighed and was thereafter placed on the 

in human infants with HMD that endotracheal instillation of maternal abdomen under a heat lamp. Before initiation of me- 
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surface tension of this material, as determined with a pulsating MP45-28-87 I, + 50 cm H20)  and a carrier demodulator. Before 
bubble surfactometer (Electronetics Corp., Amherst, NY), was the study, ventilatory flow and pressure transducers with con- 
less than 10 dynes/cm after 5 min pulsation at phospholipid nected catheters and demodulators were tested and were found 
concentrations of 7 to 32 mg/mL. The lambs in the control not to deviate in phase or amplitude up to 15 Hz. 
group were given the same volume of normal saline. Nitrogen concentration in breathing air was measured contin- 

Mechanical ventilation was started 10 to 15 min before deliv- uously in the proximal part of the ET tube by means of a 
ery of the lamb. A time-cycled, pressure-limited infant ventilator nitrogen analyzer (model no. 505 Nitrolyzer, Med Science Elec- 
(Baby Bird, Bird Corp., Palm Springs, CA) was used with Fi02 tronics, Inc., St. Louis, MO). The rise time of the nitrogen 
of 0.8. The initial respiratory settings for all lambs were: PIP, 30 analyzer was 50 ms. Four mL/min of breathing air was suctioned 
cm H20; PEEP, 5 cm H20; rate of 60 breathslmin; and inspir- by the Nitrolyzer. To perform a multiple breath nitrogen washout 
atory time of 0.4 s. Later during the study, the respirator settings test, a separate respirator with the same pressure and frequency 
were adjusted according to arterial blood gases with the aim to settings as the lamb's own respirator, but using 100% oxygen, 
keep Poz between 6.7 and 10.6 kPa (50 and 80 mm Hg) and was connected to the ET tube by a Y-connector. During an 
Pco2 between 4.7 and 6.7 kPa (35 and 50 mm Hg). Hypoxia was expiration, the respirators were suddenly switched by means of 
treated by increasing Fi02 or mean airway pressure. Hypercarbia clamps, and a multiple breath nitrogen washout test was per- 
was treated by increasing PIP or ventilator rate. Fi02 was in- formed. The oxygen breathing continued until the end tidal 
creased to no more than 0.8 to make nitrogen washout tests nitrogen concentration was less than 2%. At that time, the lamb 
possible. To avoid pneumothorax, PIP was kept as low as possi- was reconnected to the original respirator. The switch between 
ble. It was, however, not always successful to ventilate the sickest the respirators was done momentarily without any loss of the 
lambs optimally to achieve Pcoz between 4.7 and 6.7 kPa despite desired airway pressure, which is important for the support of 
high respirator settings. Sodium bicarbonate was given to treat FRC during the measurement. 
metabolic acidosis with a base deficit exceeding 10 mmol/L. The lung function measurement started by sampling simulta- 

After delivery, the lambs were dried and kept under a radiant neous ventilatory flow and pressure signals during approximately 
heater. Body temperature was monitored by a rectal probe and 20 breaths. This was immediately followed by the nitrogen 
was kept at 38.5 to 39.5"C. After delivery, catheters were placed washout test, where ventilatory flow and nitrogen signals were 
in the umbilical artery and tarsal vein. During the study, the sampled simultaneously. The flow, pressure, and nitrogen signals 
lambs were sedated by continuous morphine i.v. infusion (0.01 were all sampled bedside into a portable computer unit (NEC, 
mg/kg/h) and were kept paralyzed with pancuronium bromide Portable Powermate; NEC Technology, Boxborough, MA) and 
(Pavulon 0.1 mg/kg i.v., Organon Inc., West Orange, NY). A a 12-bit analogldigital converter (model no. DT2801; Data 
continuous i.v. infusion of 2 mL/kg/h of 5% dextrose in water Translation, Marlborough, MA) with a sample rate of 200 Hz 
was given. for further calculations. VD in the Y-connector and the pneu- 

Lung function tests, arterial blood gases, pulmonary and sys- motachograph connected to the ET tube was 7 mL. Between the 
temic artery pressures, heart rate, and airway pressure were measurements, the equipment was disconnected from the airway. 
measured every 30 min. Oxygenation was calculated as arter- Calculations Derivedfrom Multiple Breath Nitrogen Washout 
ioalveolar oxygen tension ratio, using a simplified formula (1 5). Test. Detailed descriptions of the analysis of the nitrogen washout 
Blood sugar and hematocrit were checked hourly. Blood trans- test have been published previously (17, 18). 
fusions were given regularly to replace blood sampling losses. FRC. The VLN2 was calculated by integrating the product of 

The study was terminated at 6 h after delivery. Immediately the simultaneous ventilatory flow and nitrogen concentration 
after death, an autopsy was performed, and several lung tissue signals during 100% oxygen breathing. FRC was calculated by 
blocks were obtained and fixed in Gendre's fluid, dehydrated, dividing VLNZ by the end tidal N2 concentration before the 
embedded in Paraplast (Sherwood Medical Industries, St. Louis, initiation of oxygen breathing. NO correction was made for the 
MO), and sectioned at 3 pm for light microscopy. Sections were elimination of tissue N2 during oxygen breathing. 
stained with hemotoxylin and eosin and were reviewed in a VD and I/,. BY least square fit, a single exponential curve was 
blinded fashion without identification of specific treatment adjusted to the nitrogen lung volume elimination curve. The 
group. curve can be described as VLN2(n) = VLN2(0)e-'", where n is 

In this paper, only the results from the lung function measure- breath number, V L N ~ ( ~ )  is the nitrogen volume remaining in the 
ments will be presented. Hemodynamic data and results of other lung after n breaths, VLN~(O) is the nitrogen volume in the lung 
postmortem studies will be presented separately. before the elimination, and e-" is the dilution factor (W) defined 

Lung Function Measurements. The technique for measure- as W = FRC/(FRC + VT - VD). VD can then be calculated when 
ment of lung function in this study has previously been evaluated 
and described in spontaneously breathing infants (1 6- 18). 

The first lung function study was performed immediately % 
before delivery, before clamping the umbilical cord. After this, 
studies were performed every 30 min until 6 h of age or until 

loo 80 - - 

pneumothorax or death occurred. Because pulmonary air leaks 
influence ventilatory flow measurement in the ET, lung function 60 - 
studies were not done after a pneumothorax was diagnosed. 
Pneumothorax was diagnosed by a sudden change in gas ex- 

40 - change and a sudden increase in pulmonary artery pressure, 
followed by puncture of the pleural space. One animal in the 
treatment group and six animals in the control group developed 

20 - pneumothorax. Ventilatory flow was measured in the ET tube 
by a heated pneumotachograph (Hewlett-Packard, Andover, 
MA; no. 0) connected to a pressure transducer (model no. MP45- 0 - ,  
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1-871, f 2 cm H20; Validyne Engineering Corp., Northridge, 0 1 2 3 4 5 6 
CA) and a carrier demodulator (model no. C 0  1 9 14, Validyne Postnatal Age  [ h )  
Engineering Corp.). Airway pressure in relation to atmosphere 
pressure was measured in the proximal part of the ET tube by a Fig. 1. Percentage of animals alive and without pneumothorax during 
pressure transducer (Validyne Engineering Corp.; model no. the study. 
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Fig. 2. Respirator settings during the study. A, PIP; B, PEEP; C, breathing frequency; D, mean airway pressure (MAP). ', analysis of variance 
between treatment group and control group. *, significant difference (p  < 0.05) at individual time points between treatment group and control 
animals. 

FRC and VT are known entities. V, = f(VT - VD), where f is the 
breathing frequency. 

Nitrogen elimination pattern (distribution of ventilation). 
Ideally, the nitrogen elimination pattern can be described as a 
single exponential curve with even distribution of ventilation 
(VLN2(n) = VLN2(0)e-an). If ideal conditions do not exist, the 
washout course is assumed to be described as the sum of two or 
more exponential components according to the following equa- 
tion: 

where VLN~(O) = FI .VLN~(O) + F~VLN~(O) + . . . . . + F~.VLNZ(O) 
and F,, F2 . . . . . and Fk are fractions of VLN2(0). W,, W2 . . . and 
Wk are dilution factors for the different exponential components. 
The fitting of one or the sum of two or three exponential 
components to the original nitrogen volume elimination curve 
was done by using multiple linear regression, least square fit 
estimation, and the Z-transform. This allowed the curve fitting 
to be canied out in a linear representation. The statistically most 
significant number of exponential components was judged by F 

test. Some of the washout curves could not be described satisfac- 
torily by our lung model and were then assumed to contain a 
nonexponential component. 

Ventilatory eficiency. The efficiency of the ventilatory system 
(19, 20) was calculated as an NC index. NC was defined as the 
ventilatory volume necessary to dilute the nitrogen lung volume 
from 90 to 10% of its total value, divided by the FRC (nVT/ 
FRC). 

Calculation of  L u n ~  Mechanics. Lung model and parameter 
estimation. ~ h ;  mechanical properties of the respiratory system 
can be described in the following linear equation (2 1): 

the applied pressure, P, from the ventilator at time t is balanced 
by an elastic and resistive pressure component of the respiratory 
system. F is the ventilatory flow signal. In this model, the various 
regions of the pulmonary system are assigned to different func- 
tional compartments. A conducting airway with the resistance R 
leads to an alveolar compartment with the compliance C. 

The equation was used to model the measured ventilator 
pressure. The compliance and resistance parameters that mini- 
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Fig. 3. 
see legend 

A. VENTILATIONfMIN EQ. TIDAL VOLUME 

Postnatal Age (h) Postnatal Age [hl 

C. EFFECTIVE BREATH FRACTION D. ALVEOLAR VENTILATION 

1 ALL CONTROL &---A 

300 HMD REFERENCE 0---0 

Postnatal Age (h) 

Total ventilation per min ( A ) ,  VT (B), effective breath fraction 
for Figure 2. 

mize the resulting mean-square error during an entire respiratory 
cycle were chosen (22). The average resistance and compliance 
values from five to 10 different respiratory cycles were used to 
represent the respiratory mechanics from one lung function 
study. 

Statistics. In the data analysis, the principal comparison was 
done between the treatment group and all animals in the control 
group ( n  = 10). 

In the control group, seven lambs developed histologically 
verified HMD. Inasmuch as there are limited data in the litera- 
ture describing lung function in lambs with histologically verified 
HMD, the results from these animals ( n  = 7) are presented as an 
"HMD reference group." However, no statistical comparison 
was made between the reference group and the treatment group; 
statistical comparison was made only between the treatment 
group and the complete control group, as was the design of the 
study. 

Repeated measures analysis of variance was used to assess 
whether there was an overall difference between the groups. For 

0 9 2 3 4 5  

Postnatal Age (h) 

[( K - Vd)/V,] (C), and VA (D) during the study. For statistical abbreviations, 

the comparison between the surfactant-treated group and the 
control group, the analysis was based on all animals alive and 
without pneumothorax at 5 h. The analyses included 11 distinct 
time points. For differences at individual time points, a standard 
t test was used. Because this led to multiple statistical tests, we 
have assessed the probability of observing statistically significant 
results for a single variable based on the total number of 11 tests 
performed. This calculation is based on binomial distribution, 
used to model how likely we would be to observe a specified 
number of significant results or more, based on a 5% probability 
that a single test would be significant by chance. This approach 
ignores any possible correlation between one test and another. 
For 1 1  tests, it is unlikely that we would observe three or more 
tests to be significant by chance (0.0 152). The data are presented 
as means + SEM. 

RESULTS 

As presented in Figure 1, survival without pneumothorax was 
better in the surfactant-treated group compared with the control 
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Fig. 4. Gas exchange during the study. A, arterio-alveolar oxygen 
tension ratio (a /A PO2 RATIO); B, arterial Pco2. For statistical abbre- 
viations, see legend for Figure 2. 

group. In the treatment group, one animal developed pneumo- 
thorax at 5% h of age. In the control group, six animals developed 
pneumothorax at different postnatal ages. Four of them devel- 
oped pneumothorax before 2% h of age. Most of the lambs in 
the control group died shortly after a pneumothorax was diag- 
nosed. As a consequence, there were progressively fewer control 
animals during the study period, which makes statistical com- 
parison at later time points difficult. 

The required ventilator settings are presented in Figure 2. The 
treatment group needed significantly less PIP, PEEP, and respi- 
rator frequency compared with the control animals. The mean 
airway pressure consequently differed significantly between the 
groups. 

Although the ventilator settings differed significantly, the 
achieved total ventilation per minute did not differ between the 

treatment group and the control group (Fig. 3A). VT, however, 
was significantly higher in the surfactant-treated group (Fig. 3B). 

The ratio between the effective part of the tidal breath and the 
V, [(VT - VD)/VT] was significantly higher in the surfactant- 
treated animals (Fig. 3C). The V, was also significantly higher 
in the treatment group (Fig. 3 0 ) .  

The gas exchange is presented in Figure 4. The oxygenation, 
calculated as an arterio-alveolar oxygen tension ratio, was signif- 
icantly better in the surfactant-treated animals, reaching its peak 
values at 2 to 3 h after delivery. After this, a deterioration in 
oxygenation could be observed. Arterial Pcol, reflecting the 
improved VA, was significantly lower in the treated animals. 

Lung volume measurements are presented in Figure 5. There 
were significant differences in FRC between the groups only 
during the 1st hour after delivery. An adequate FRC was estab- 
lished rapidly after delivery in the surfactant-treated animals, 
whereas this was slowly achieved during the first 1 to 2 h after 
birth in the control group. 

Mechanics of breathing of the respiratory system is presented 
in Figure 6. The Cdyn per kg body weight was significantly higher 
in the surfactant-treated group (Fig. 6A). Specific compliance 
(Cd,,/FRC) was lower in the control lambs after 1 h of age 
compared with the treatment group, but this difference was not 
statistically significant (Fig. 6B). Resistance in the respiratory 
system showed no significant difference between the groups, 
although there was a tendency toward lowering of the resistance 
during the study period. 

Ventilatory efficiency, reflecting the efficiency of gas mixing 
in peripheral airways, was calculated as NC index and is pre- 
sented in Figure 7. The surfactant-treated lambs showed signifi- 
cantly lower NC index compared with the control lambs, imply- 
ing an improved gas mixing in distal airways. 

In the analysis of the nitrogen elimination pattern (distribution 
of ventilation), one exponential washout pattern dominated in 
both the treatment and control group (76.3 versus 8 1.2%) (Table 
1). There was no statistically significant difference in the nitrogen 
elimination pattern between the groups, and there was no change 
in the elimination pattern during the course of the study in either 
group. 

Morphology. Lung appearance post-mortem. At autopsy, lungs 
from five of the control lambs appeared reddish-purple, poorly 
expanded, and liver-like, except for the upper lobes and part of 
the middle lobes in three of the lambs. The purple areas were 
estimated to constitute 80 to 100% of the total lung volume in 
these lambs. Subpleural blebs were present in two of the lambs. 
Three of the control lambs had lungs that were mostly pink and 
well expanded, and only 10 to 25% of these lungs appeared 
purple. Lungs from the surfactant-treated lambs were mostly 
pink and well expanded, but contained purple areas estimated 
to make up 0 to 15% of the lung volume. Subpleural blebs were 
seen in one lamb. 

Pulmonary histology. Sections from right upper and lower 
lobes were evaluated qualitatively for presence of sloughing of 
epithelium in respiratory bronchioles and alveolar ducts, hyaline 
membrane formation in distal conducting airways, normal or 
reduced alveolar volume that would indicate atelectasis, air dis- 
section, capillary and venous congestion, hemorrhage, and signs 
of pulmonary edema, e.g. wide interlobular connective tissue 
spaces, perivascular and/or periobronchial edema and lymphatic 
dilation. Based on the histologic review, the control lambs were 
divided into one group of seven lambs with HMD and one group 
of three lambs without HMD. 

In the lambs classified as HMD, all showed extensive sloughing 
of the epithelium in respiratory bronchioles and alveolar ducts. 
Hyaline membrane formation was seen in all except one lamb, 
which died at 45 min after birth. A uniform and marked decrease 
in alveolar volume was seen in all of these lambs and perivas- 
cular-peribronchiolar air dissection was seen in six out of seven 
lambs. All lambs showed moderate to marked venous and cap- 
illary congestion and hemorrhage in the subpleural space, in 
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Fig. 5. FRC during the study. For statistical abbreviations, see legend for Figure 2. 

tissue septa, or focally in alveoli. Pulmonary edema was present need for ventilatory support between surfactant-treated and un- 
in all the lambs, as indicated by dilation of perivascular-pen- treated lambs. The surfactant-treated lambs required less respi- 
bronchial spaces and edema fluid in alveoli and distal conducting rator pressure, were better oxygenated, and had lower Pcoz (Fig. 
airways. 4). This has also been found by other investigators (3, 5). Despite 

The three control lambs that did not develop HMD showed lower airway pressure, FRC in the surfactant-treated lambs was 
only a few epithelial sloughs, and no hyaline membranes were significantly higher only during the 1st hour after delivery com- 
seen. The alveolar volume was generally good. Air dissection was pared with the control animals (Fig. 5).  Later during the study, 
seen in one of these lambs. All three lambs showed some capillary no significant differences were found between the groups. Early 
congestion, pulmonary edema, and hemorrhage. Widespread establishment of an adequate FRC after surfactant treatment in 
hemorrhage was the dominating histologic feature in one of these preterm animals has been found by other investigators. Durand 
lambs. et al. (2), using an He-dilution "bag in the box" method, found 

There were no hyaline membranes identified in any of the significantly higher FRC already at 30 min of age in surfactant- 
surfactant-treated lambs and only a few scattered epithelial treated animals. The difference in FRC persisted during their 
sloughs were seen in two of the eight lambs. The surfactant- study up to 9 h after delivery. The difference between this study 
treated lambs showed mostly good alveolar volume, although and our results could be explained by different use of PEEP level. 
some areas of decreased volume were seen in all but one of the Durand et al. used a constant PEEP during the whole study, 
lambs. Air dissection, capillary congestion in areas with decreased whereas in our study the PEEP was increased in the control 
alveolar volume and interstitial hemorrhage were present in three animals to optimize oxygenation. The importance of using a 
of these lambs. Pulmonary edema in the form of dilated tissue constant ventilator PEEP level during the study has been ex- 
septa and perivascular-peribronchial spaces was seen in all of the pressed by other investigators to avoid changes in the mechanical 
treated lambs. Alveolar edema was only seen in scattered areas. properties of the lung induced in itself by the variations in PEEP 

level (24). However, because we wanted to reflect the clinical 
situation, where changes in PEEP are used to improve gas 

DISCUSSION exchange, no such limitations were instituted. 
Studies of pressure-volume curves from surfactant-treated 

The objective of our study was to evaluate the immediate lungs have also shown significantly improved retention of gas at 
influence of natural lung surfactant treatment before delivery on end expiration (3, 4, 6, 8). An immediate beneficial effect of 
the development of lung volume, ventilation, and eficiency of surfactant on FRC has been shown by hchmann et a[. (6). They 
ventilation together with mechanics of breathing in preterm found a significant retention of gas in the lung already during 
lambs at risk for development of HMD. The gestational age of the first breaths postpartum in surfactant-pretreated rabbits. In 
the lambs in our study varied between 129 and 13 1 d. At this our postmortem histologic examinations of the lung tissue, we 
age, it can be anticipated that the majority of the lambs will found improved alveolar air expansion after surfactant treat- 
develop a respiratory disease with functional and histologic sim- ment, whereas severely decreased alveolar volume dominated in 
ilarities to HMD in the preterm infant (23). In the present control untreated lungs. This has also been found by previous investi- 
group, seven of the 10 lambs had histologic signs of HMD, and gators (4, 8). Absence of a significant difference in FRC between 
three did not. Because there is a limited amount of data in the the groups after 1 h in the presence of decreased alveolar volume 
literature on lung function in lambs with histologically verified may indicate that the ainvays proximal to the alveoli were 
HMD, the results from these animals were analyzed separately overexpanded due to high respiratory pressure in the control 
and presented as an HMD reference group, but not statistically animals with HMD compared with the surfactant-treated lambs. 
treated as a control group. Excessive expansion of alveolar ducts and respiratory bronchioles 

We observed significant differences in gas exchange and in the could lead to damage of the epithelium, sloughing, and hyaline 
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Fig. 6. A,  Cd,,/kg body wt during the study. B, specific compliance 
(Cd,,/FRC) during the study. For statistical abbreviations, see legend for 
Figure 2. 

membrane formation. This could be followed by scaning with 
signs of obstructive lung disease during the recovery from HMD. 
Airway obstruction with an increase in resistance to ventilatory 
flow is also an important feature in the pathophysiology of 
bronchopulmonary dysplasia in infancy (25). 

The functional goal in surfactant treatment should be to 
maintain patency of distal airways and alveoli so that.gas mixing 
by diffusion is possible resulting in an adequate V,. During 
breathing, the inspired gas has to mix with the remaining alveolar 
gas in the lung. The more efficient this mixing is, the greater the 
part of the tidal breath that takes part in the mixing, the smaller 

the functional VD in the lung is. Both convective and diffusive 
forces are responsible for the gas mixing. According to previous 
investigators and lung model analyses, molecular diffusion is 
responsible for the main part of gas mixing between the inspired 
fresh air and the remaining alveolar gas (26, 27). Establishment 
of a semistationary front between inspired and alveolar gas at 
end inspiration is crucial for gas mixing by diffusive forces to be 
able to take place. In the lung periphery, the total cross-sectional 
area of the airways increases considerably, which means that the 
ventilatory flow in the airways reduces toward the periphery. 
This also means that convective forces dominate in gas transport 
in proximal airways, whereas diffusive forces dominate in the 
small airways down to a semistationary front that makes gas 
mixing by diffusion possible. In HMD, the pathologic process is 
mainly confined to the distal airways, e.g. respiratory bronchioles 
and alveolar ducts, with presence of epithelial sloughs, hyaline 
membrane formation, marked decrease in alveolar volume, and 
interstitial edema (23). The consequence of this disease process 
must lead to changes in the boundary conditions of the interface 
between the inspired gas front and the remaining alveolar gas 
due partly to reduction of the total cross-sectional area, where 
the diffusive gas mixing is supposed to take place. The functional 
implication upon ventilation by this condition is a reduction of 
that part of the tidal breath (VT - VD) mixing with the alveolar 
gas. In our study, control animals had a significantly lower 
effective breath fraction [(VT - VD)/VT] compared with the 
surfactant-treated group. Patency of the peripheral airways in the 
lung seems to be essential for establishment of an adequate gas 
mixing and alveolar ventilation. Previous histologic studies have 
also shown that surfactant plays an important role in maintaining 
patency of the distal airways during breathing (1  3, 28). 

The NC index, as used in this study, is an efficiency index 
reflecting the eficiency of gas mixing in peripheral airways (1 9, 
20). The index consists of the ratio of the accumulated ventilatory 
volume and the total lung volume (FRC). This ratio, often called 
"turnovers" in previous studies, is a common normalization of 
the washout curve. In our study, the NC index indicates the 
number of turnovers necessary to dilute the total lung nitrogen 
volume from 90 to 10%. The more efficient the lung is in mixing 
inspired gas with remaining alveolar gas in the distal airways, the 
less ventilation is required to dilute the lung nitrogen, and the 
NC index becomes low. In our study, the NC index was signifi- 
cantly lower in surfactant-treated animals compared with the 
control group, indicating an improved ventilatory efficiency and 
improved gas mixing in the surfactant-treated animals. 

In the analysis of the nitrogen elimination curves in our study, 
a single exponential washout pattern dominated in both the 
surfactant-treated and control groups, with no significant differ- 
ences between the groups (Table 1). This means that an even 
distribution of ventilation should dominate in both groups, 
although parallel gas inhomogeneity with multiple exponential 
washout pattern could be expected in the lungs with HMD, 
which has been found by other investigators (29, 30). The appli- 
cation of PEEP probably concealed possible gas inhomogeneity 
in our control group (3 1-33). It might also be possible that our 
analysis of the washout pattern in a linear instead of a semilog- 
arithmic fashion could disregard very slowly ventilated compart- 
ments. Also, there is the possibility that, by extending the wash- 
out course to very low nitrogen concentration values beyond the 
end tidal concentration of 2%, we could have detected slowly 
ventilated compartments of the lung. However, the analysis of 
the multiple breath nitrogen washout course in terms of separate 
exponential curves representing separate lung compartments has 
been questioned (26, 34). Model analysis has revealed a complex 
interaction between convective and diffusive forces in gas mixing 
during breathing, making predictions about lung compartments 
due to disease processes difficult (26). The fact that the predic- 
tions are based on gas concentration analysis at the mouth, far 
from the distal airways, further complicates this concept. 

The utmost effect of surfactant in the lung is to reduce the 
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Fig. 7. NC index dur ing the  study. For  statistical abbreviations, see legend for Figure 2. 

Table 1. Component analysis of the nitrogen elimination pattern 
(distribution of ventilation) 

Components?  

n* O n e  T w o  Three  Othe r  

Surfactant treated 80 61 (76.3) 15 (18.8) 0 4 (5.0) 
All controls 69 56 (81.2) 9 (13.0) 0 4 (5.8) 
HMD reference 34 25 (73.5) 7 (20.6) 0 2 (5.9) 

* n = number  of  washout curves dur ing the  whole study. 
t Numbers  i n  parentheses indicate percentages. 

surface tension in the air-liquid interface. In animal studies, 
several investigators have shown an improvement in Cdyn after 
surfactant treatment in immature lung disease (4-8). In our 
study, there were also differences in Cdyn between surfactant- 
treated and untreated animals, with significantly higher Cdyn in 
the treated group. Surfactant, however, did not completely nor- 
malize Cdyn in the treatment group when compared with values 
obtained in full-term healthy lambs (35). Because the pressure- 
volume relationship of the lung is not a linear function, and 
because Cdyn also is a function of the lung volume, changes in 
Cdyn have to be interpreted in relation to the actual FRC. In our 
study, we found no significant differences in specific compliance 
(Cdy,/FRC) between the treated and untreated animals during 
the 1st hour of life (Fig. 6B). The difference in lung volume 
during this time could explain the improvement in Cdyn in the 
surfactant-treated group. After 1 h of age, however, specific 
compliance was lower in the untreated group, indicating higher 
surface tension. This difference was, however, not statistically 
significant, which might be partly due to the fact that only a few 
control animals could be studied later during the study because 
of the presence of a pneumothorax. The lack of significant 
improvement in Cdyn after surfactant treatment previously found 
during mechanical ventilation in some studies, both in animals 
(2) and in infants (I), could be explained by a concomitant 
increase in FRC. In this case, the lung might be ventilated at the 
upper part of an assumed S-shaped pressure-volume curve, where 
Cdyn is lower. These studies further indicate the importance of 
simultaneous measurements of lung mechanics and lung volume 
in the evaluation of the mechanical impact on lung function by 
surfactant treatment. The possible influence of PEEP on FRC 
and lung mechanics must also be considered. 

In summary, surfactant-pretreated lambs delivered prema- 
turely at 129 to 131 d of gestation did not develop histologic 
HMD and showed significant inmprovement in gas mixing abil- 

ity between inspired and remaining gas in the distal airways in 
the lung. We speculate that the main functional effect of surfac- 
tant treatment is to maintain the patency of the peripheral 
airways and alveoli in the lung. This faci!itates the diffusive gas 
mixing process with improvement in VA and gas exchange. 
Surfactant treatment also reduced the ventilatory support, had 
impact on lung mechanics, and established an adequate FRC 
earlier after birth. 

We also speculate that surfactant prevents therapy-induced 
overexpansion of conducting airways, which could be hazardous 
for the development of chronic lung disease in infancy. 
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