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Abstract Objective: Development 
of a stable model of respiratory 
distress in pigs with oleic acid, 
fulfilling clinical criteria of the adult 
respiratory distress syndrome 
(ARDS). 
Design: Eight pigs (9.1 _ 0.7 kg) 
were anesthetized with pentobar- 
bital, paralyzed with tubocurarine 
and mechanically ventilated with an 
F i o  2 of  0.6, an I: E ratio of 2: 3 and 
a PEEP of 0.2 kPa. Oleic acid 
(dissolved 1:1 in 96% alcohol) was 
administered in a series of multiple 
injections of 0.1 ml until P~o2 was 
lower than 8 kPa. 
Measurements and results: Careful 
titration of the oleic acid injections 
on guidance of the PaQ established 

a reproducible respiratory distress 
(P, o2 = 7.3 _+ 0.8 kPa), in which gas 
exchange and hemodynamic vari- 
ables were stable for at least 4 h. 
The number of oleic acid injections 
(22 + 11, mean and SD) varied 
between the animals. 
Conclusions: With the use of mul- 
tiple injections of oleic acid, a stable 
model of early respiratory distress 
in pigs can be achieved, in spite of 
individual differences in sensitivity. 
Such a stable model allows for 
a diversity of studies on early respir- 
atory distress. 
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Introduction 

Oleic acid has often been used to induce an experi- 
mental model of respiratory distress in animals [1-81. 
In these studies oleic acid was given either as a single 
bolus or as a continuous infusion, and the amount 
administered differed between studies. Mortality was 
up to 30% [3, 7]. In most studies, respiratory distress 
criteria according to Petty [9] and Murray [10] were 
not fulfilled and interventions were studied without 
a proper description of the model. 

We aimed at a regimen of multiple injections of oleic 
acid to induce an early stage of respiratory distress in 

pigs that fulfilled the clinical criteria of the adult respira- 
tory distress syndrome (ARDS) [9, 10]. Furthermore, 
gas exchange and hemodynamic variables had to be 
stable for several hours. Such a model of experimental 
respiratory distress can be used for studies on basic 
mechanisms and therapeutic interventions. 

Methods 

Surgical procedures and ventilatory conditions 

Eight Yorkshire pigs (9.1 + 0.7 kg) were anesthetized with an in- 
traperitoneal injection of pentobarbital sodium (30 rag. kg-  1) and 
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placed in a supine position on a thermo-controlled operation table 
to maintain body temperature. Anesthesia was maintained by a con- 
tinuous infusion of pentobarbital sodium ( 8 . 5 m g ' k g - l ' h  -~) 
via an ear vein. After tracheostomy the pigs were connected to a 
volume controlled ventilator. 

A single-lumen polythene catheter was inserted through the right 
common carotid artery into the aortic arch for measuring arterial 
blood pressure (P,o) and sampling of blood. Three catheters were 
inserted via the right external jugular vein: (1) a 5F Swan-Ganz 
catheter was inserted into the left pulmonary artery to monitor 
pulmonary arterial pressure (Pp~) and pulmonary blood temper- 
ature and to sample mixed venous blood; (2) a double-walled cathe- 
ter was inserted into the right atrium for injection of room temper- 
ature saline during the thermodilution procedures; (3) a four-lumen 
catheter was inserted into the superior vena cava to measure central 
venous pressure (CVP) and to infuse fluids and anesthetics. All 
catheters for measuring blood pressure were continuously flushed at 
a flow rate of 3 ml" h -  1 with normal saline containing a low dose of 
heparine (I0 IU" ml -  ~ infusion fluid) to avoid clotting in the cathe- 
ters. A catheter was also placed in the urinary bladder to avoid urine 
retention. 

Tubocurarine was given at a rate of 0.2 rag- ~ "kg- 1. h -  ~ after the 
surgical procedure to suppress spontaneous breathing. Mechanical 
ventilation and wash-in and wash-out procedures to determine lung 
volume were performed with a computer-controlled two-bellow 
ventilator [11]. Ventilation was set at 10 breaths per min and tidal 
volume (VT) adjusted to a P,co~ of 5.0-5.6 kPa. The inspiratory 
to expiratory ratio was 2:3, the inspiratory fraction of oxygen 
(Flo,) was 0.6 and the positive end-expiratory pressure (PEEP) 
was 0.2kPa. These settings were kept constant throughout the 
experiments. 

Measured and estimated data 

Gas exchange, acid-base indices and hemoglobin 

Oxygen and carbon dioxide tensions and acid-base indexes of blood 
were determined with an automatic blood gas analyzer (Radiometer 
ABL3). Hemoglobin (Hb) concentration, arterial (SaQ) and mixed 
venous 02 saturation were determined with an oxymeter 
(Radiometer OSM2). S,o~ in blood after dextran infusion was 
corrected according to the manual of the OSM2. Respiratory gases, 
including helium (He), were analyzed by a mass spectrometer 
(MGA 1100, Perkin-Elmer). 

Arterial oxygen content (C,o~), venous admixture (Q~) in percen- 
tage of total pulmonary blood flow (Qt) and physiological dead 
space (VD) in percentage of VT were calculated according to stan- 
dard equations [12-14]. The parameters of the oxygen saturation 
curve were adapted to pig blood [15, 16]; we also used pig blood 
data from our laboratory. 

Lung volume and compliance 

End-expiratory lung volume (VEE) was estimated with use of an 
open He (4-5 %) wash-in and wash-out technique [ 17]. The compli- 
ance of lungs and thorax (C~) was estimated with use of an inspira- 
tory pause method [18]. Airway pressure (Px) was measured in the 
tracheal cannula. Inspiratory volumes of 6, 12 and 18 ml" kg-  ~ were 
inflated at intervals of 2 min during normal mechanical ventilation. 
Each of these three inflations was followed by an inspiratory pause 
of 3 s. The gradual volume decrease during the inspiratory pause 
(A VHg) was recorded with the use of a mercury cord fixed around the 
thorax at 5 cm cranial from the sternal xyphoid. The mercury cord 
was calibrated with the three inflation volumes superimposed on the 

VEE. Lung volume (VEE + Vr -- AV~g), and airway pressure at the 
end of the inspiratory pause served as the data for the compliance 
estimation. A third-degree polynomial pressure-volume curve was 
fitted through these data and through end-expiratory volume and 
pressure. This P -V  curve revealed an approximately linear part 
between the volumes 4 and 8 ml. kg-  1 above V~. The slope of this 
part (AV/AP) was used as the estimate of Crs. Throughout the 
experiments changes in thoracic volume were monitored with the 
mercury cord. Estimates of Cr~ before and after the oleic acid 
injections were compared at the same thoracic volume level. Assum- 
ing a constant chest wall compliance [-6], the changes in Crs 
indicated changes in lung compliance. 

Hemodynamic data and oxygen delivery 

Pao, Ppa and CVP were measured continuously with use of Baxter 
disposable fluid-filled pressure transducers, type Uniflow. Pressure 
values were referred to ambient air pressure and to a zero-level at the 
height of the manubrium and averaged over a ventilatory cycle. 
Transducers were calibrated by application of pressure to this refer- 
ence zero-level under guidance of a mercury manometer. 

Cardiac output ((~t) was determined by the thermodilution tech- 
nique, The average of four determinations equally spread over the 
ventilatory cycle was used to estimate mean cardiac output [19]. 

Oxygen delivery (Do~)  was calculated according to 
DQ = Cao: x Qt. 

Data acquisition 

Throughout the experiments all blood pressures, ECG, PT, air flow 
(V), and the resistance of the mercury cord were continuously 
recorded on a Gould recorder type RS 3800. During the estimations 
of Qt all other hemodynamic signals were sampled at a frequency of 
250 Hz. The sampling period was 18 s, i.e., 3 ventilatory cycles. P~, 
l) and the mercury cord signal were sampled for 9 s at 100 Hz for the 
estimations of Crs. During the open wash-in and wash-out proced- 
ures the in- and expiratory gases were sampled at a frequency of 
50 Hz. All sampled signals were stored on computer discs for offqine 
analyses. 

Experimental procedures and observations 

Protocol of the experiment 

After the surgical procedures, a stabilization period of at least 
30 min followed. Baseline observations were then taken over a peri- 
od of 1 h. (~t and gas exchange variables were determined at the 
beginning and at the end of this hour. VEE, Cr~ and chest X-rays were 
obtained once. 

After the baseline measurements, 10 ml" kg 1 isotonic dextran- 
40 solution was given over a period of 30 min via the Swan-Ganz or 
the double-walled injection catheter. Immediately after the dextran 
infusion, the circulatory and gas exchange variables were measured 
again. To control the solvent of the oleic acid, 16 injections of 0.1 ml 
of 96% alcohol-saline solution (1 : 1) were given at 90-s intervals via 
the Swan-Ganz catheter. Immediately after these injections, the 
measurements were repeated. 

After the control observations with alcohol, commercial oleic 
acid (Unichema International, specific gravity 0.89), dissolved 1 : 1 in 
96% alcohol, was administered through the Swan-Ganz catheter 
into the right atriuml Injections of 0.1 ml oleic acid took 1 s and were 
given at intervals of 90 s until a Pao2 below 8 kPa was achieved. 
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Occasionally, we lengthened this interval and decreased the amount 
of oleic acid to 0.05 ml when a preceding injection caused a signifi- 
cant effect on the circulation. After each injection the catheter was 
flushed with 1 ml saline (40 ~ In pilot experiments we also applied 
larger amounts of oleic acid (0.2 1 ml), which immediately caused 
cardiovascular shock and death. Furthermore, P~o~ changed only 
slightly until the 10th injection. Therefore, in this study P~o~ was 
measured after the first 10 ~njections, every two or four injections 
and thereafter at the end of each single injection. 
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Fig. la, b Effects of oleic acid on gas tensions. Baseline observations 
were made in the first hour (D start of dextran infusion (30 min), 
A start of alcohol-saline injections (25 min), OA oleic acid injection). 
The interrupted X-axis indicates the time difference in oleic acid 
administration for each animal. Zero time corresponds to the time of 
the last oleic acid injection. Mean values of six animals; at ~ = 4 h, 
n = 5. Vertical bars SD. a Arterial oxygen tension; h arterial carbon 
dioxide tension 

Zero-time of the respiratory-distress observation period was set 
at the moment of the last oleic acid injection. All measurements of 
gas exchange and cardiac output were performed at 15, 30, 45, 60, 90, 
and 120 rain and every hour thereafter. All continuously monitored 
signals were also sampled at these time intervals. Estimations of 
VEE and C~s were calculated 90, 120 and 180 min after the last 
injection of oleic acid. In some experiments estimations of V~E, 
Q~/O_~, VD/VT and C~ failed because of tile formation of bloody froth 
in the tracheal cannula or because of technical problems with the 
mass spectrometer. At the end of the experiments chest X-rays were 
obtained again. 

Lung weight and morphology 

At the end of the experiments, the animals were killed with pen- 
tobarbital sodium (0.07 g. kg-1), and the lungs were immediately 
fixed. The results of these morphological studies have been pub- 
lished elsewhere [20]. 

Criteria of respiratory distress 

A criterion of respiratory distress, mentioned by Petty [9], is 
a P~o~ of 6.7 kPa with an F~o~ of 0.6 at zero PEEP. This Pao~ value 
was used as a target during the oleic acid injections and during the 
period after these injections. Murray [10] suggested a scoring sys- 
tem to characterize the severity of the disease based on a chest 
roentgenogram, hypoxemia (PaojFIo2), positive end-expiratory 
pressure and Crs. To adapt the Murray Cr~ scoring system to our 
pigs, we recalculated the values per Kilogram of body weight, 
assuming an average weight of 70 kg in Murray's patients. This 
scoring system was used to evaluate our model. 

Statistical analysis 

The results of the first 4 h after oleic acid administration (Figs. 1, 2) 
were analyzed using standard repeated measures analysis of vari- 
ance (SPSS-Manova). Student t-tests (statgraphics) for paired sam- 
ples were used in Table 1 and to compare Crs and VEE before and 
after oleic acid application. We regarded differences with a 
P-value _< 0.05 as statistically significant. Data are presented as 
mean values _+ 1 SD. 

Results 

C o n t r o l  obse rva t ions  

Dext ran  infusion and alcohol-saline injections 

The  effects of de x t r a n  in fus ion  are p resen ted  in  Tab l e  1. 
The  m a i n  effects are a decrease in  H b  c o n c e n t r a t i o n  
a n d  an  increase  in  (~t, Pao, Pp~, C V P  a n d  oxygen  deliv- 
ery. N o  changes  occur red  after the single in jec t ions  of 
the a lcohol - sa l ine  so lu t ion .  After the whole  series of 
in jec t ions  H b  c o n c e n t r a t i o n  was increased  sl ightly 
a n d  (~t a n d  C V P  were decreased (Table  1). All o the r  
var iab les  r e m a i n e d  cons tan t .  
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Oleic acid injections 

The administration of 0.1 ml of oleic acid injections had 
extensive hemodynamic effects, as demonstrated in an 
individual example (Fig. 3). These effects varied in se- 
verity between injections within a single animal as well 
as between animals. The injections caused an immedi- 
ate rise of Pp~ and CVP, and a decrease in P,o and 
arterial pulse pressure. When severe circulatory reac- 
tions were observed, resulting in a high CVP and a low 
P~o, the interval between the injections was lengthened 
until these variables were partly recovered and stable 
again. When an injection caused a mean Pao < 40 mmHg, 
a critical level below which the coronary flow is depen- 
dent on pressure [21], we diminished the next injection 
by 50% (0.05 ml). One of the eight animals died after 
the 12th injection. The oleic acid injections established 
a stable hypoxemia in six of the seven remaining ani- 
mals. The Pao~, of the seventh animal recovered partly 
within 30 rain after the last injection. This animal was 
eliminated from the study. The number (22 __ 11, 
mean + SD), the time (75 _+ 38 min) and the total dose 
(0.12 _+ 0.07 ml "kg -1) of oleic acid injections indicate 
a large spread in individual sensitivity with regard to 
causing a respiratory distress of similar severity. 

Characteristics of the oleic acid model 

The effects of oleic acid on gas exchange and 
hemodynamic variables 1 h after the last injection are 
presented in Table 1. During the distress period two 
animals died due to circulatory shock, one after 3.5 h 
and the other after 4 h. The standard bicarbonate 
(HCO~) concentrations were 22 and 18 mmol" 1-1, re- 
spectively in those animals. One experiment ended after 
5 h because of technical reasons. The remaining three 
animals were studied for 6 h, 

We restricted the presentation of averaged data and 
the statistical testing (n = 5, SPSS Manova) to a period 
of 4 h after the last oleic acid injection. For (~s/(~t and 
VD/VT statistical testing was limiting to the first 2 h 
because of missing values after this period. 

Gas exchange, acid-base indices and hemoglobin 

P~o2 decreased profoundly during the series of oleic 
acid injections (Table 1) and remained stable during the 

Fig. 2a--e Hemodynamic variables. Abbreviations, time scale, verti- 
cal bars and observation numbers as in Fig 1. a Cardiac output; 
b pulmonary arterial pressure; c central venous pressure 
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Table 1 Control  data and data 
after oleic acid administration. 
Values are mean • SD; (N) at 
45 rain after oleic acid and n = 5 
due to technical reasons (P~Q 
arterial PQ, PaCQ arterial Pco~, 
S~o~, arterial oxygen saturation, 
Q~/Q.~ venous admixture, VD/VT 
physiological dead space, 
Hb hemoglobic concentration, 
Qt cardiac output, P~o arterial 
pressure, Ppa pulmonary arterial 
pressure, CVP central venous 
pressure, Do~ oxygen delivery, 
Px, p peak tracheal pressure, pH 
arterial pH, HCO3 standard, 
bicarbonate concentration) 

Baseline Dextran Alcohol/NaC1 Oleic acid 60 rain 
n = 6  n = 6  n = 6  n = 6  

Pao~ (kPa) 38.8 • 3.6 39.1 _+ 4.1 42.0 • 4.5 7.3 • 0.8 *s 

P~co~ (kPa) 5.5 • 0.4 5.4 -- 0.5 5.7 _+ 0.6 7.8 • 1.2 *5 

S~o~ (%) 99.2 • 1.1 99.2 • 1.6 98.9 • 1.6 72.0 +_ 7.5 *s 
Q~/Qt (%) 7.2 • 2.0 11.2 • 2. *2 - 42.8 • 6.0 (N) *~ 

VD/VT (%) 33,8 • 10.8 28.0 • 8.2 -- 58.5 • 3.1 (N) .4 
Hb (mmol. 1-1) 6.5 • 0.5 5.0 • 0.4 *2 5.3 • 0.5 .2'*~ 7.6 • 1,2 .5 
0t (ml" s -1" kg -1) 2.1 • 0.3 3.1 • 0.4 *2 2.8 _ 0.4 .2 ' .3  !.4 • 0.3 .5 

P~o (mmHg) 99.7 • 10.9 112 • 14.7 .1 112 • 13.1.1 97.8 • 13.9 

Pp~ (mmHg) 14.7 • 2.4 18.7 _+ 1.7 *2 18.2 • 2.4 *2 37.6 • 2.0 .5 

CVP (mmHg) 1.5 • 0.8 3.4 • 1.2 *2 2.6 • 1.2 .1 ' .4  3.5 • 1.4 *s 

Do~ m l ' s  -1 "kg -1) 32.7 • 4.4 37.5 • 6.7 .1 35.3 • 5.8 17.9 _+ 1.2 *s 

Pr,p (kPa) 2.1 _+ 0.5 2.1 • 0.5 2.2 • 0.6 3.6 • 0.3 .5 

pH 7.46 • 0.04 7.47 • 0.04 7.45 _+ 0.04 7.32 _+ 0.06 .5 

HCO;- (mmol.1-1) 28.8_+ 1.7 29.1 • 1.8 28.7 • 1.5 25.6 • 2.1.5 

*~P ~< 0.05, , 2 p  < 0.01 compared to baseline, , 3 p  ~< 0.05, *~P < 0.01 compared to dextran, 
, s p  < 0.01 compared to alcohol-NaC1 

Fig. 3 Hemodynamic effects of 
oleic acid injection. Four  out of 
eight signals are shown (Pao 
arterial pressure, Ppa pulmonary 
arterial pressure, CVP central 
venous pressure, PT tracheal 
pressure). Each arrow indicates 
an injection of 0.1 ml oleic acid. 
The time interval after the 
second injection was lengthened 
because of severe hemodynamic 
reactions 
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distress period (Fig. la). After the 4-h period, the indi- 
vidual Pao2 values were similar. The decreased Sao2, the 
increased ()s/Qt, the increased Paco~ (Fig. lb), the de- 
creased pH and HCO;- concentration, and the doubled 
value of VD/Vr after the oleic acid administration did 
not change significantly during the distress period. 

Hb concentration, which was reduced after volume 
expansion with dextran, increased during the period of 
oleic acid injections to a value above its baseline level 
(Table 1). In the distress period Hb concentration re- 
mained the same. 

Lun9 volume and compliance 

VEE w a s  decreased from 21.0 + 2.6 m l ' k g -  1 (n = 6) in 
baseline to 10.9 + 2.9 ml- kg-1 (p < 0.05, n = 4) at 
90 rain after the last oleic acid injection. Estimations at 
120 min (n = 3) and 180 rain (n = 3) were similar to the 
values at 90 rain after oleic acid administration. 

Crs was decreased from 18.3 + 3.2 ml" kPa - !  "kg -1 
in baseline to 8.7 • 2.8 ml. kPa-  1. kg-  1 (p < 0.05, n = 5) 
at 90 rain after the last oleic acid injection. Individual 
values of Crs in three animals at 120 rain and 180 min 
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were similar to their values at 90 min. Tracheal pres- 
sure at peak inflation (PT.p) was increased after oleic 
acid administration and rose gradually during the 4-h 
distress period to 4.0 +_ 0.7 kPa (P = 0.02). 

Hemodynamic dam and oxygen delivery 

Oleic acid administration decreased cardiac output 
((~t) significantly to a value below baseline in spite of 
the dextran administration (Table 1, Fig. 2a). The oleic 
acid injections did not change Pao, but increased 
Ppa and CVP (Table 1, Fig. 2b, c) and reduced Do~ to 
about 50%. All of these variables remained stable 
throughout the distress period. 

Criteria of respiratory distress 

The stable P,o2 below 8 kPa in our model approx- 
imated the physiological criterion of Pao~. for ARDS 
(PaQ < 6.7 kPa, Fio2 > 0.6, PEEP = 0 kPa), as defined 
by Petty [9]. Evaluation of our oleic acid model with 
the scoring system described by Murray [10], revealed 
a moderate-to-severe respiratory distress (averaged 
score of all animals 2.4 _+ 0.1). The chest X-rays showed 
alveolar edema in all lung lobes of the six animals 
(value = 4), the hypoxemia s c o r e  (PaoJFIo2) was below 
100 in all animals (value = 4), and PEEP was below 
0.5kPa (value=0).  Crs was between 5.8 and 
8.6 ml. k P a - l ' k g - 1  in three animals (value = 2) and 
between 8.6 and 11.5 ml" k P a -  1. kg-  1 (value = 1) in 
the other three animals. 

Discussion 

Dextran infusion and alcohol-saline injections 

Volume expansion has been applied by several authors, 
but we could not find a standardized regime. The 
volume expansion was performed either before [22], or 
during and after [23], or only after the administration 
of oleic acid [24]. To evaluate the effects of oleic acid, 
we avoided interventions in parallel with oleic acid 
administration and therefore infused dextran prior to 
the injections of oleic acid. The volume expansion in- 
creased cardiac output to 150% of its baseline value. 

The series of alcohol-saline injections did not affect 
gas exchange or other pulmonary functions. We regard 
the slight increase in Hb and the decrease in 0t and 
CVP to be an effect of counteracting neuro-humoral 
control mechanisms on the preceeding volume expan- 
sion [25]. The total amount of injected alcohol was on 
average 0.2 ml ' kg  1, with a maximal amount in one 

experiment of 0.3 ml 'kg-1 .  For a human adult this 
would be about 21 ml alcohol, corresponding to the 
consumption of one-and-a-half glasses of wine. Un- 
doubtedly, alcohol was metabolized during application 
of the series of injections, leading to a lower dose than 
mentioned. In mechanically ventilated dogs 48 ml alco- 
hol applied in 1 h did not affect gas exchange or 
hemodynamic variables at an F~o2 of 0.3 [26]. If we 
assume a body weight of 24 kg per dog, this amount is 
2 ml/kg, which is a much larger dose than our maximal 
dose of 0.3 ml/kg. Alcohol has to be given in a dose five 
times larger than the maximal dose in this study to 
potentiate the anesthetic action of pentobarbital [27]. 
We consider the amount of alcohol applied to our 
animals to be too small for such an effect. Based on the 
previously mentioned literature and the fact that the 
application of dextran and alcohol-saline did not affect 
gas exchange, we assume the oleic acid is the sole 
causative agent for the respiratory distress in our pigs. 

The regime of oleic acid administration 

The toxic effects of oleic acid can be neutralized by 
albumine [28]. Presumably, fatty acids have only 
a toxic effect on the alveolar-capillary membrane, lead- 
ing to disturbances in gas exchange if the concentration 
of the free fatty acids exceeds the binding capacity of 
albumine in the blood. Individual variations in this 
binding capacity might be an explanation for the wide 
range of injections (12-42), necessary to obtain a sim- 
ilar respiratory distress. Another reason for this range 
could be individual variations in the distribution of 
oleic acid to the lungs. However, in a former pathologi- 
cal study we found a homogeneous distribution of the 
lesions in all lung lobes [20], suggesting a homogene- 
ous distribution of oleic acid. Individual differences in 
the formation of oleic acid micelles in the blood or in 
the degree of protein binding were not investigated. 

The large difference in individual sensitivity to oleic 
acid makes a single bolus injection or a continuous 
infusion less suitable to establish a reproducible model 
in different animals. An excessive amount of oleic acid 
could lead to severe pulmonary edema, circulatory 
shock and death of the animal. Some authors reported 
a mortality of 25-30% during application of oleic acid 
[3, 7]. In another study in pigs in which oleic acid was 
given as a continuous infusion in 30 min [8], a dose 
similar to the one we applied caused an unacceptably 
high mortality. Kruse-Elliot and Olson [4] used a con- 
tinuous infusion of oleic acid (20 ml .kg -1 ,  h-1)  in 
pigs throughout the entire experiment. They reported 
a hypoxemia after 1 h, i.e., Pao2 was 6.7 kPa with 
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ventilation at room air, which remained constant for 
a period of 4 h. However, in another group of pigs they 
found a mortality of 100% within 2.5-3 h during such 
an infusion. According to our data, it is not necessary 
to continue an infusion of oleic acid once respiratory 
distress is established. The advantage of our regimen of 
multiple small injections is that a relatively high dose 
(0.12ml.kg -1) can be applied to induce respiratory 
distress, while maintaining a low mortality (one out of 
eight in our experiments). 

We recommend observing stability for at least 
30 min, because in one animal Pao~ started to recover in 
less than 30 min after the last oleic acid injection. When 
recovery of P, o2 occurs, oleic acid administration can 
be continued before studying some intervention. 

The distress model 

Mechanisms of injury 

The oleic acid induced lung injury is probably prim- 
arily caused by a direct toxic effect on the endothelial 
wall [29, 30]. A mechanism might be the potency of 
oleic acid to inhibit the activity of the Ca-pump and the 
(Na + + K +)-ATPase [31, 32], leading to dysfunction of 
the cell membrane. Electronic microscopical investigation 
in a previous study [20] revealed signs of degeneration 
of the endothelium, like swelling and vacuolization. 
Mediators like leukotrienes, phospholipase A or cyclo- 
oxygenase metabolites and the increased number of 
leukocytes [20, 33] and aggregated thrombocytes [34] 
seen in the lungs after oleic acid may contribute to the 
pathogenesis of this type of lung injury [3, 4, 29]. 

Gas exchange and acid base data 

In our animals a moderate-to-severe respiratory dis- 
tress, according to the Murray criteria [10], was in- 
duced. P~o~ decreased to a level close to the physio- 
logical criteria of ARDS described by Petty [9] and 
remained stable until the end of the experiments. 
0s was increased after administration of oleic acid, 
indicating the presence of low ventilation-perfusion ra- 
tios [23]. The increase P~co2 indicates that the effective 
alveolar ventilation was decreased after oleic acid in- 
duced lung injury; we found a doubling of VD in our 
animals. The decrease in pH immediately after intro- 
duction of oleic acid was due to the increase in 
PaCO2 and the decrease in HCO~ concentration. In the 
two animals that died after 3.5 and 4 h, the sudden 
decrease in P,o coincided with low values of HCO;- 
concentration (22 and 18 mmol" 1-1, respectively). We 

assume that oxygen delivery would have been insuffi- 
cient at that time, leading to metabolic acidosis. 

Pulmonary data 

Edema was undoubtedly the main reason for the de- 
crease in VEe. Edema was evidenced by the increased 
weight of the lungs and heart; by the infiltrates seen on 
the chest X-rays and by the morphologic examination 
[20]. Impaired surfactant function, leading to an in- 
crease of surface tension in the alveoli causing atelec- 
tasis [35], contributed to the decrease in V~E. 

We compared Cr~ before and after oleic acid admin- 
istration at the same thoracic volume, implying a sim- 
ilar effect of thoracic recoil forces. Therefore, the de- 
creased Crs after oleic acid administration indicated an 
increased stiffness of the lungs, which we attribute to 
pulmonary edema and impaired surfactant function. 
Hall et al. [35] also found an altered static P - V  curve 
after administration of oleic acid in rabbits. 

Hemodynamic variables and heart function 

The successive single injections of 0.1 ml oleic acid 
caused acute rises in Ppa (Fig. 3), which in turn prob- 
ably caused the rise in CVP. The pulmonary hyperten- 
sion was mainly caused by vasoconstriction of the 
pulmonary muscular arteries [20]. We attribute the fall 
in Pao, immediately after an oleic acid injection, to 
a decrease in 0t caused by the increased CVP 
[36]. Pao always recovered within a few minutes, which 
is in the time domain of the neuro-humoral control 
mechanisms [37]. 

The decrease in (~t after oleic acid administration 
was also observed by other authors [4, 22]. It has been 
suggested [22] that a decrease in venous return as 
a result of a decrease in plasma volume is the main 
mechanism for the reduction of (~t during oleic acid 
pulmonary edema. We consider the increase in Ppa to 
be an additionally important mechanism in the in- 
crease in CVP and in the resulting reduction of (~t. 
A moderate rise in Ppa does not necessarily lead to 
a decrease in (~t [38]. However, in our experiments the 
rise in Ppa was extensive. An additional mechanism that 
might have contributed to the rise in CVP after oleic 
acid administration in our pigs could be a decreased 
myocardial contractility [39]. 

Oxygen delivery 

DO/  was reduced after oleic acid administration as 
a result of the decrease in 0t and CaOa. In two animals 
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severe metabolic acidosis developed after 3 .54  h, in- 
dicating an insufficient supply of oxygen to the tissues. 
The decrease in Do2 after oleic acid is probably close to 
a critical value below which maintenance of life is 
impossible. If this is true, the development of models 
with a more severe distress will be nearly impossible. 

Conclusions 

A stable model of respiratory distress can be induced in 
pigs by injecting a series of multiple small injections of 
oleic acid. Careful titration of the number of injections 
to decrease P,o~ in each animal leads to a reproducible 
model of early respiratory distress. Such titration 

adapts the amount  of oleic acid to the individual differ- 
ences in sensitivity. Our experimental model fulfilled 
the criteria of respiratory distress and was character- 
ized by (1) a stable P~o2 of about 7 kPa, (2) severe 
pulmonary hypertension, (3) decreased (~t resulting in 
a decreased DO2, (4) decreased VEE and Crs, (5) radio- 
graphic features of the respiratory distress syndrome, 
and (6) a stable period of at least 4 h, allowing studies 
on basic mechanisms and therapeutic interventions. 
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