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The acute onset of marked dyspnea, tachypnea, cyanosis and 
bilateral alveolar infiltrates radiographically is a common clini
cal disorder. This syndrome is most often due to acute pulmonary 
edema secondary to left ventricular failure and the principles of 
therapy are well known to clinicians. There are a group of dis
orders, however, in which the initial presentation of the patient 
may mimic cardiogenic pulmonary edema, but which may not respond 
to the usual modes of therapy. These disorders are the result of 
diffuse alveolar injury produced by inhaled, aspirated, or in
gested toxic substances or result from similar lung injury pro
duced by endogenous mechanisms. In both cardiogenic pulmonary 
edema and the syndromes of diffuse alveolar injury, the patient's 
major symptoms and physiologic alterations are the result of fluid 
in the alveolar spaces. This review will examine the features 
which these disorders have in common, discuss pathogenetic mecha
nisms, and develop a program of therapy based on the rather limited 
information available at the present time. 

Case #1:    

This 56-year-old woman was admitted with a 4-hour history of 
marked shortness of breath. She had noted increasing exertional 
dyspnea for approximately one month prior to admission. Physical 
examination revealed a markedly dyspneic, cyanotic, obese woman. 
BP 130/90, P 110, RR 32. The jugular venous pressure was elevated. 
There were diffuse crepitant rales at both lung bases. The heart 
was enlarged; a loud s3 gallop was present. A radiograph of the 
chest showed cardiomegaly, venous congestion, and a diffuse alveolar 
infiltrate in both lower lung fields. Arterial blood gases, breathing 
room air, were: pH 7.10, pco 2 39, p02 32, 43% saturation of hemo
globin. 

Treatment with digitalis, diuretics, IPPB, oxygen, and mor
phine was begun. Eight hours later a repeat arterial blood sample, 
while the patient breathed 40% oxygen via a face mask, showed: 
pH 7.40, pC02 39, p02 78, 95% saturation. A chest radiograph 24 
hours after admission showed clearing of most of the alveolar in 
filtrates. Serial ECG's and enzymes did not reveal evidence of 
myocardial infarction, and she was discharged on the 5th hospital 
dey: 

Diagnoses: 
cular failure. 

1. Acute pulmonary edema secondary to left ventri-
2. Metabolic acidosis, secondary to severe hypoxia. 
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The factors involved in the fluid . equilibrium .. o£ the lung may 
be visualized with a diagramatic representation of the Starling 
hypothesis, as shown in Figure 1 (1). Hydrostatic pressure in the 
capillaries is the principal force tending to drive water out of 
the intravascular space; also augmenting movement of water out of 
the capillary are the colloid osmotic pressure of the interstitial 
fluid, the negative pressure of the interstitial space, and the 
surface tension of adjacent alveoli which produces a negative pres
sure on the walls of the alveolus. Forces which tend to retain 
water in the capillary are the colloid osmotic pressure of blood 
and positive pressure, when present, in the alveolus. Lymphatics 
are probably not present in the walls of alveoli but originate in 
the vicinity of alveolar ducts and extravascular fluid may be re
moved via this route. 

The pulmonary capillaries are normally freely permeable to 
water and low molecular weight solutes but only slowly permeable 
to larger molecules (2, 3). Although the lungs have a very high 
blood flow with respect to the mass of tissue, the flow of lymph 
from the lungs is only a few mls per hour (4), and alveolar spaces 
do not normally contain fluid. These observations indicate that 
there is virtually no net transfer of water out of the pulmonary 
capillaries. Further, water or saline instilled into the lungs 
is rapidly absorbed suggesting that either an unbalanced osmotic 
gradient for fluid reabsorption exists or that the interstitial 
fluid volume is so small that the addition of small volumes of 
fluid lowers its osmotic preisure, providing a gradient for absorp
tion into the capillaries (5). 

The relationship of the two dominant forces, hydrostatic pres
sure and plasma colloid osmotic pressure, has been defined in ex
perimental animals and these observations correlate well with 
measurements performed in humans. Other factors remaining un
changed, pulmonary edema begins to accumulate when hydrostatic 
pressure in the capillaries (usually measured clinically as a 
"wedge pressure") exceeds 24 mm Hg (6, 7). If plasma colloid os
motic pressure is reduced by one-half by removing protein, edema 
develops when hydrostatic pressure is approximately 12 mm Hg (6). 
Hydrostatic pulmonary edema may be more occult than that demon
strated by Case 1. The pulmonary edema which occasionally 
accompanies massive CNS injury may be due to a sudden increase 
in peripheral vascular resistance followed by an increase in left 
ventricular end-diastolic and left atrial pressure (8). Hypoxemia 
may contribute to the formation of pulmonary edema; it has been 
suggested that one mechanism may be through a depression of myo
cardial contractility with subsequent elevation of end-diastolic 

- 3 -



pressure (9). Pulmonary venous constriction is another mechanism 
which has been postulated to cause pulmonary edema on a hydrostatic 
basis (10). This phenomenon is difficult to measure physiologically 
since, by the wedged catheter technique, the small pulmonary arteri
oles, capillaries, and veins form a single conduit for the trans
mission of pressure and it is difficult to be certain which component 
is the major site of resistance during flow. 

Staub has studied the morphology of pulmonary edema induced 
either by increased hydrostatic pressure or by alteration of 
capillary permeability; the sequence of change as viewed with light 
microscope appears to be the same, although differing physiologi
cally (11). His studies were made possible by the development of 
techniques for rapidly freezing tissues in situ and retaining 
anatomic relationships during fixation (as water is removed) by 
substitution (12) or by freeze-drying. As pulmonary edema develops, 
fluid initially accumulates in the loose connective tissue of the 
interstitium surrounding extra-alveolar arterioles, venules, and 
airways, followed by thickening of the alveolar walls. Only after 
filling of the interstitial compartment has occurred does fluid 
appear in alveolar spaces. As edema progresses, alveoli are seen 
to contain little or no fluid or are completely fluid filled; inter
mediate stages of filling are not observed, suggesting that this 
transition is extremely rapid. The tendency for alveoli to collapse 
or fill with fluid is referred to as "alveolar instability" and is 
the hallmark of pulmonary edema . . 

The resolution of pulmonary edema is more varied than its on
set and depends, in large part, on the cause of edema formation. 
Pulmonary lymph flow can increase at least 4-fold during acute 
edema production but is insufficient to handle large v6lumes df 
fluid (13, 14). In chronic states lymph flow may increase fur
ther; this adaptive mechanism is thought to permit patients with 
mitral stenosis to live without pulmonary edema despite wedge 
pressures above 24 mm Hg (15). In the resolution of acute pul
monary edema, however, lymphatic drainage must play a relatively 
minor role. In hydrostatic pulmonary edema, such as demonstrated 
by Case 1, improvement is usually dramatic when the capillary bed 
is decompressed, re-establishing the normal gradient for absorption 
of alveolar fluid. Electron microscopic studies of the alveolo
capillary membrane during hydrostatically induced pulmonary edema 
have shown no major structural alteration although focal areas of 
rupture, causing alveolar hemorrhage, may occur (16). Thus, the 
low protein transudate is rapidly reabsorbed into pulmonary 
capillaries through a basically intact membrane. 

On the other hand, if the endothelium becomes permeable to 
larger molecules, principally protein, the colloid osmotic pressure 
in the interstitial space may approach that of the capillary and 
pulmonary edema will develop at normal levels of hydrostatic pres
sures. The morphology of pulmonary edema following damage to the 
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alveolo-capillary membrane with altered permeability is less 
clear. It appears that altered capillary permeability may have 
varied anatomic features and presumably different mechanisms. 
In all forms of such edema, large blebs are found in the cytoplasm 
of the endothelial cells but other evidence of cellular damage may 
or may not be conspicuous. Attempts have been made to demonstrate 
the site of vascular leakage with electron microscopic marker 
particles. Karnovsky has shown that small particles such as horse
radish peroxidase (mol wt 40,000) traverse the normal endothelial 
cell intercellular junctions but are retained by tight epithelial 
intercellular junctions (17, 18). Ferritin (mol wt 500,000) is 
apparently slowly transported across the cells via pinocytotic 
vesicles. Following exposure to noxious agents the site of vas
cular leakage may be either transcellular or intercellular, de
pending on the inciting agent and likely also the size of the 
marker employed (17). Pulmonary edema resulting from abnormal 
capillary permeability is characteristically of high protein con
tent and fibrin may be histologically identified in the alveolar 
spaces. Removal of intra-alveolar protein is necessary to re
establish osmotic gradients and alveolar structure. Intact pro
tein may be removed from the alveolar spaces either by lymphatics 
or by entering capillaries directly although at a very slow rate 
compared to water (20, 21). The transfer of protein from the 
alveolar space to the capillary probably depends on transport via 
pinocytotic vesicles through both alveolar epithelial and endo
thelial cells. Since the agent producing pulmonary edema presum
ably damaged these cells to cause the development of edema, re
absorption is likely to be similarly impaired. It has been 
suggested that protein in alveolar spaces must be enzymatically 
degraded before removal (20). However, Liebow has demonstrated 
that heterologous serum albumin appears antigenically intact in 
the peripheral circulation following deposition in the lung (22). 
While alveolar macrophages are known to ingest protein, their 
role, and the role of the mucociliary system in the quantitative 
removal of alveolar protein is unclear. 

Thus, it would be predicted that the clearing of alveolar 
fluid following damage to the alveolo-capillary membrane would 
vary greatly, depending on the extent of membrane damage, the 
protein content of the fluid, and the degree of organization of 
the extravasated material. 

Case #2:    

This 30-year-old woman was brought to the EOR in moderate 
respiratory distress following mouth-to-mouth resuscitation after 
she nearly drowned in a fresh water pool. On arrival in the EOR, 
she was cyanotic with a respiratory rate of 45/minute, and was 
coughing up bright red blood. Initial blood gases on an unknown 
concentration of inspired oxygen were: pH 7.20, pC02 36, p0 2 146, 
and 02 saturation 100%. Chest radiograph showed bilateral alveolar 
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infiltrates with a normal heart. She was admitted to the MICU 
for observation. Treatment consisted of continuous 40% oxygen 
mist via face mask and intermittent assisted ventilation achieving 
tidal volumes in excess of 1500 mls. 

The chest radiograph rapidly cleared and 2 days after ad
mission the patient's arterial p02 was 81 mm Hg while breathing 
air. She was discharged on the 3rd hospital day and on a follow
up visit to the clinic one week later was virtually asymptomatic. 

Diagnoses: 1. Pulmonary edema due to fresh water drowning. 
2. Metabolic acidosis secondary to hypoxia. 

The aspiration of water or saline produces pulmonary edema 
and endothelial and epithelial lesions identical to those produced 
by hydrochloric acid although differing in the extent of damage 
(23). Alveolar hypoxia produces similar structural lesions, also 
associated with pulmonary edema and hemorrhage (24). Reflex pul
monary hypertension, which follows the aspiration of fresh water 
(25), may have contributed to the formation of pulmonary edema in 
this patient. The diffuse infiltrates noted radiographically in 
human near-drowning victims appear to be due principally to the 
exudation of intravascular fluid, not aspirated fluid, since such 
individuals usually aspirate only small amounts of fluid (26). 
Further, the onset of acute respiratory distress may be delayed 
up to 12 hours following submersion (27), a lag time seen with 
many agents which damage the alveolo-capillary membrane. The 
relatively benign clinical course of this patient indicates that 
despite the presumably nonhydrostatic nature of her pulmonary 
edema resolution occurred promptly. · 

However, at the time of admission to the EOR she demonstrated 
the principal features of all patients who have fluid in alveolar 
spaces; decreased lung compliance and hypoxemia due to shunting. 
These changes are explained by the concept of alveolar stability 
as defined by the work of Clements and other investigators (28-31). 
Assuming the alveolus to be spherical in configuration and basically 
an air filled bubble with a liquid lining, the pressure required to 
keep the bubble from collapsing is related to the surface tension 
of its walls and its radius, through the LaPlace theorem: 

2 T P - ~' where P is the transmural pressure, 

T is surface tension, and R is the radius of 

the bubble. 

When transpulmonary pressure is low, such as at low lung volumes, 
alveoli with high surface tensions, or with small radii, will be 
"unstable", i.e., will collapse. Fluid in the alveolar space may 
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interfere with alveolar surfactant, thus ra1s1ng surface tension, 
or may cause collapse only by changing the dimensions of the 
alveolus. Once collapse has occurred, high pressures will be re
quired to reopen the alveolus. Cook et al have shown that in pul
monary edema the elastic behavior of lung-tissue is normal and 
that the decreased compliance observed can be largely overcome by 
forced inflation to large lung volumes (32). Said et al have 
demonstrated that the hypoxemia accompanying pulmonary-edema is 
due to shunting; in their studies shunting was markedly reduced 
by forced inflation to large lung volumes (33). In both studies, 
the improvement noted following large inflations was transient 
and the abnormalities returned when breathing at usual tidal 
volumes was restored. Similar changes are found in humans with 
acute pulmonary edema (34). These observations are consistent 
with the concept of the unstable alveolus; following alveolar 
cdllapse shunting occurs as blood flow continues to perfuse non
ventilated alveoli. The severity of alveolar instability may be 
influenced by the nature of the alveolar fluid and its effect on 
surfactant but the basic abnormality is due to the presence of 
such fluid alone and thus a similar sequence of events occurs in 
pulmonary edema of any cause. 

Case #3:    

This 29 - year-old man was found unconscious in his hotel room 
an unknown time following ingestion of large quantities of multiple 
sedative and tranquilizing drugs. On admission to the EOR, he was 
cyanotic with minimal respiratory efforts. During tracheal in
tubation, copious secretions and gastric contents were noted distal 
to the larynx . Diffuse rales were heard throughout the chest. 
Arterial blood gases initially were: pH 7.38, pC02 39, po 2 38, 
79% saturation;on IPPB with an FI 02 of 70%, repeat blood gases 
showed: pH 7.38, pC02 41, p02 92, 94% saturation. A radiograph 
of the chest showed bilateral diffuse alveolar infiltrates. 

Initial treatment consisted of intravenous and endotracheal 
hydrocortisone, antibiotics, vigorous fluid administration, and 
continuous assisted ventilation via IPPB, providing tidal volumes 
of 1.0 to 1.5 L. and frequent sigh volumes of 2.5 to 3.0 L. A 
70% FI was required to maintain the arterial p02 in the range 
of 50 ~3 60 mm Hg. Although the patient regained consciousness 
after 24 hours, his course was complicated by upper gastroin
testinal hemorrhage and progressively more severe hypoxemia until, 
on the 4th hospital day, the arterial po 2 was 44 with an FI 02 of 
90%. Increasing dead space ventilation and increasing right to 
left shunting, with stable but low compliance (effective dynamic 
compliance = 40 ml/cm H20) suggested pulmonary embolism; a Jude 
umbrella was inserted in the inferior Vena cava via the right 
internal jugular vein. Although he was never hypotensive, the 
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patient's central venous pressure remained in the range of 20 to 
25 em H2o. The patient continued to deteriorate and expired on 
the 13th hospital day. 

A limited autopsy revealed the lungs to be firm, virtually 
airless, and yellow-gray in color. The IVC umbrella was occluded 
by thrombi but none were identified in the pulmonary vessels. 

Diagnoses: 1. Massive acid aspiration pneumonitis. 2. 
Superimposed pulmonary oxygen toxicity. 

It is important to note that although the outcome of Case 3 
differed markedly from Cases 1 and 2, the initial clinical presen
tation of the acute pulmonary process was very similar. The ulti
mate prognosis of these patients may depend greatly on the nature 
of the aspirated fluid, or the cause of edema formation, and this 
may be difficult to establish in a clinical situation. In Case 3, 
the finding of gastric contents in the distal trachea strongly 
supports the diagnosis of acid aspiration. 

The deleterious effects on the lungs of acid instillation 
were first systematically studied by Winternitz in 1920 as 
corollary studies to an investigation of the effects of war 
gases (35). He noted that extensive vascular congestion, pul-
monary edema, and hemorrhage occurred promptly after the in
stillation of acid followed by epithelial proliferation during 
the reparative phase and he probably described the formation of 
hyaline membranes. Mendelson reported 66 cases of acute respira -
tory distress due to the aspiration of gastric contents during 
obstetric anesthesia (36). In experimental studies in rabbits he 
demonstrated that the acute diffuse form of lesion was due to hydro
chloric acid although the only two fatalities which occurred in his 
clinical series were due to airways' obstruction by particulate 
matter. Teabeaut confirmed the pathologic findings of Winternitz 
and conclusively showed that the diffuse hemorrhage and edema were 
related to the pH of the fluid instilled; material of pH of less 
than 2.4 produced the lesion while materials of higher pH, regard 
less of other composition, did not (37). Subsequent studies using 
more sophisticated techniques have built on these basic observations 
and have defined the physiologic and ultrastructural changes which 
accompany acid aspiration. In brief, following the intrabronchial 
instillation of 4 cc/kg of 0.1 N HCl, a uniformly lethal aspiration 
model in the dog, cardiac output, and blood pressure transiently 
fall and then return to baseline levels; pulmonary · vascular re
sistance and lung weight begin a steady rise; hypoxemia unrelieved 
by breathing oxygen develops rapidly and becomes progressively more 
severe; lung compliance falls steadily; as mixed metabolic and 
respiratory acidosis intervene the animal dies, usually within one
half to 8 hours after instillation (38-46). Electron microscopically, 
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necrosis of the endothelium and epithelium is seen, the latter 
involving both Type I and Type II alveolar cells (23, 46). 
Varying degrees of hemorrhage, edema and atelectasis are found 
with alveolar spaces being filled with proteinacous, fibrinous, 
and cellular debris. Hyaline membranes appear in alveoli after 
48 hours even in the absence of oxygen therapy. 

This histologic picture apparently represents the limited 
spectrum of response of the lung to agents which damage the 
alveolo-capillary membrane, particularly the endothelium. Similar 
changes are observed following injury induced by smoke, hydro
carbons, metallic fumes, toxic gases like N02, chlorine, and 
ozone, and a variety of inhaled chemical compounds (47-52). 
Oxygen in high inspired concentrations produces identical changes 
(53-56). 

The occurrence of widespread atelectasis, edema, and hemorrhage 
suggests that surfactant deficiency may be a major factor in the 
pathogenesis of this lesion. Favoring this concept is the ob
servation that the surface tension lowering activity (an index of 
surfactant activity, not gravimetric concentration) is reduced in 
atelectatic as well as hemorrhagic areas of such lungs (46). This 
reduction occurs rapidly suggesting that surfactant has been in
activated or displaced from the air-fluid interface. Quantitatively, 
phospholipids with high surface tension lowering activity are re
duced to only about SO% of normal . levels in the lungs of infants 
with neonatal respiratory distress, and the amount remaining would 
be more than sufficient to generate an alveolar lining layer, if 
available, suggesting that inactivation is the principal mechanism 
producing lowered surfactant activity (57). Surfactant is produced 
by the alveolar Type II cells, or granular pneumocytes, and is one 
of the products of very active lipid metabolism by the lung. The 
half time of surfactant in small animals, as estimated from studies 
with radioactive precursors, is about 14 hours (58); Clements has 
estimated that in man a similar value would be approximately 2 days 
(59). These estimates agree reasonably well with the time course 
of the disappearance of surfactant activity following ligation of 
a pulmonary artery in the absence of gross infarction and hemorrhage 
(60-61). Thus, reduced blood flow may inhibit the production of 
surfactant and lead to a quantitative deficiency over a period of 
several days (62). Since evidence of capillary damage with leakage 
of blood or plasma into alveolar spaces always accompanies the 
acute injury and plasma proteins inactivate surfactant (63, 64), it 
is difficult to distinguish the effects of the damaging agent on 
surfactant from its effects on capillary integrity. It is probably 
safe to say that a primary deficiency of surfactant has not been 
demonstrated as the cause of any clinical disorder. 
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The same sequence of capillary damage, edema, hemorrhage, and 
alveolar collapse may follow injury by intr insic mechanisms. A 
great deal of recent investigatiorr has been stimulated by the 
occurrence of pulmonary complications following nonthoracic in
juries in Vietnam although such complications have been well docu
mented and studied previously (65 - 68). Evidence of lung damage 
usually, but not always, follows a period of clinical shock. The 
mechanism of lung endothelial damage which occurs in these casual
ties is unclear but appears to involve circulating leukocytes 
which become fused to the endothelium before capillary disruption 
is demonstrated (69) . The role of platelets, vasoactive materials 
such as histamine, serotonin, and polypeptides, and possibly unde
fined humoral substances is an area of speculation at the present 
time. Embolism of fat or other microparticulate matter to the 
lung results in the same basic pathology, differing mainly in the 
extent of injury produced by different agents (70, 71). Disruption 
of alveolar capillaries by direct thoracic trauma produces the same 
initial lesion; the progressive nature of pulmonary contusion clini
cally (72-75) emphasizes the need for an aggressive therapeutic 
approach aimed at correcting the basic alteration, fluid in the 
alveolar spaces. 

Case #4:    

This 25-year-old man was admitted with a 3-day history of a 
vesicular, hemorrhagic, and pustular cutaneous eruption, and a 
2-day history of pleuritic chest pain, dyspnea and cough. His 
children had all recently had chicken pox, with the initial case 
occurring approximately 3 weeks prior to the patient's admission. 
On admission the BP was 110/70, P 110, T 100°, RR 62. There were 
bilateral crepitant rales at the lung bases. Hemoglobin was 19 gm% 
with a hematocrit of 60. Admission blood gases were: pH 7.48, 
pC0 2 34, p0 2 38, 59% saturation. Because of difficulty in obtaining 
adequate oxygenation, a tracheostomy was performed on the 2nd hos 
pital day. Approximately 12 hours after this procedure a tension 
pneumothorax developed on the left which ultimately required two 
chest tubes for adequate re-expansion of the lung. Treatment con
sisted of intravenous fluids, antibiotics, and continuous IPPB 
with tidal volumes of between 3 and 4 L. On this program the 
patient's effective dynamic compliance improved from 30 to 50, 
and ultimately to 70 ml/cm H2o. Blood gases on the 2nd hospital 
day, while breathing 100% oxygen were : pH 7.49, pC0 2 27, p02 46, 
58% saturation. CPPB was applied but did not improve oxygenation. 
Four days after admission, the patient suddenly became hypo
tensive, his tidal volumes decreased markedly, and he rapidly 
expired. Postmortem radiograph of the chest revealed a tension 
pneumothorax on the right. 

Diagnoses: 1. Varicella pneumonia. 2. Tension pneumo
thorax. 
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Viral pneumonia produces the pathologic lesions characteristic 
of diffuse alveolar injury. Influenza is by far the most common 
infectious etiology but other viral etiologies have been reported 
(76-82). In Case 4, an attempt was made to reverse the physiologic 
abnormalities by administering large tidal volumes. As predicted 
from experimental studies, his compliance improved with this pro
cedure. The absence of a corresponding improvement in oxygenation 
indicates that the large tidal volumes were achieved principally 
through overexpansion of more normal regions of lung; the per 
sistent large shunt indicated that a number of perfused but non
ventilated alveoli ~emained. Overe~pansion of normal areas of· lung 
may have been instrumental in the development of the pneumothorax 
which caused his death. 

Since the shunt effect might have been due to alveoli which 
collapsed at low transpulmonary pressures, continuous positive 
pressure breathing (CPPB) was employed. Although not a new tech
nique, the application of CPPB in patients with respiratory dis 
tress has become popular over the last several years. The principal 
differences between CPPB, IPPB, and expiration retardation are 
demonstrated in Figure 2. With IPPB, as administered with any of 
the pressure or volume limited respirators, airway pressure is 
positive during inspiration but falls to atmospheric or zero at 
the end of expiration. Exhalation retardation prolongs·th~ period 
of expiration but end-expiratory pressure still falls to zero if 
the patient's respiratory rate is sufficiently slow. In CPPB, a 
continuous level of expiratory pressure is maintained on the air 
way. This pressure may be provided by connecting the exhalation 
valve of the ventilator to an underwater seal with large bore 
tubing; the magnitude of the end-expiratory pressure is determined 
by the depth to which the tubing is inserted beneath the surface 
of the water. Alternatively, a spring - loaded valve can be employed 
in the exhalation port (83). The level of sustained end-expiratory 
pressure is shown on the manometer of the ventilator. If the de
sired end-expiratory pressure is not held steadily between respira
tory cycles, the system is leaking. The successful application of 
this technique requires that the patient's ventilation be controlled 
by the ventilator. Attempts by the patient to initiate inspiration 
will drop airway pressure below zero and negate the effect of CPPB. 

The physiologic effects of maintaining a positive airway pres
sure throughout the respiratory cycle in the treatment of pulmonary 
edema was studied in 1938 by Barach in both experimental animals 
and patients (84). He also reviewed the literature on the appli
cation of CPPB back into the nineteenth century. Barach attributed 
the striking improvement in the cardiogenic pulmonary edema of his 
patients following the application of CPPB to decreased venous 
return. Sharp et al in 1961 reported detailed studies of lung 
mechanics in patients with pulmonary edema treated with CPPB (85). 
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They noted that compliance increased following CPPB even though 
tidal volume remained the same and attributed this effect to an 
increase in the resting end-expiratory volume (FRC) of the lung, 
although they did not make these measurements. Recent studies 
following the rebirth of CPPB have demonstrated that such an in
crease in lung volume does occur following the application of 
this technique (86). The effect of this volume change on lung 
compliance in pulmonary edema is demonstrated in Figure 3. 
Compliance is normally linear throughout most of the lung volume. 
With the development of pulmonary edema, the initial segment of 
the compliance curve becomes flattened indicating that segments 
of the lung have collapsed at low lung volumes, requiring higher 
pressures to reopen them. When these areas have reopened, com
pliance may be nearly normal. Maintenance of positive end
expiratory pressure prevents the lung from returning to the 
volume at which alveoli collapse; thus compliance is improved 
and shunting is diminished. 

Case #5:    

This 16-year-old boy collapsed while cleaning a poorly ven
tilated petroleum tank. He was seen to vomit by observers who 
dragged him from the tank. He was unconscious on admission to 
a hospital in  where an emergency tracheostomy was 
performed and rPPB therapy initiated . A chest radiograph showed 
diffuse pulmonary infiltrates. The patient rapidly regained 
consciousness but continuous rPPB with an Fro of 60% was re
quired to maintain the arterial p02 at approximately 40 mm Hg. 
Treatment included steroids, gentamicin, cephalothin, digitalis 
and diuretics. He was transferred to Parkland 6 days after the 
incident. On admission, he became rapidly tachypneic and cyanotic 
after a few seconds off rPPB. Examination of the chest revealed 
tubular breath sounds throughout. Cultures of sputum contained 
Proteus mirabilis and Pseudomonas species. During 4 days in the 
hospital, an increasing Fr 07 was required to maintain oxygenation 
despite CPPB. On the 4th fiospital day, while breathing an Fr 07 on rPPB of 100%, the arterial p02 was 46 mm Hg. Cardiac arrest 
occurred later that day and the patient could not be resuscitated. 

Diagnoses: 1. Diffuse pneumonitis due to inhalation of 
petroleum (probably gasoline) vapor. 2. Questionable acid 
aspiration pneumonitis. 

A major consideration underlying the therapeutic approach to 
patients with diffuse alveolar injury must be the potential re
versibility of the lesion. Early interstitial fibrosis and organi
zation of intra-alveolar material was present in the fatal cases 
presented within a few days of the initial injury. No comprehensive 
long-term follow-up studies are available in adults who have sur-
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vived the syndrome although one patient with diffuse fibrosis 
following acid aspiration has been reported (87). Long-term 
changes apparently do occur in infants following successful 
therapy of neonatal respiratory dist r ess in high oxygen environ
ments (88). These changes tend to disappear in time suggesting 
that the lungs of infants, at leas t, · have a con§iderable capac1ty 
for repair. 

The detailed study of oxygen toxicity in primates has pro
vided the best insight into the reparative processes of the lung 
subsequent to diffuse alveolar injury (89, 90). Following a period 
of acute edema, hemorrhage, and alveolar collapse which develops 
after about 72 hours of 100% oxygen breathing surviving animals 
improve and return to a normal state clinically while still main
tained in the 100% oxygen atmosphere. At this stage, the alveoli 
are lined by cuboidal epithelium composed entirely of Type II 
alveolar cells, a change which has been noted in virtually all 
experimental models of diffuse alveolar injury, as well as in 
patients with this syndrome. It has been proposed ·recently that 
this alteration represents a transformation of Type I alveolar 
cells into Type II cells (91). More likely, the Type I cells, 
whichpossess a large exposed surface area but apparently little 
metabolic machinery, are destroyed, and the Type II cells pro
liferate to replace the alveolar epithelium (90). This se.quence 
would be consistent with the data of Bertalanfy who also noted 
the greater capacity for division of the Type II alveolar cells 
(9 2) . 

In the primate studies it was necessary to gradually reduce 
the concentration of inspired oxygen as a sudden return to air 
breathing produced cyanosis and respiratory distress. However, 
2-3 months after returning to air breathing the lungs of the 
animals were nearly normal, showing only patchy areas of fibrosis 
and thickening of the alveolar walls (90). Similar studies after 
other types of lung injury are needed but, at the present time, 
it appears justified to assume that the acute pathologic changes 
associated with diffuse alveolar injury will largely resolve and 
that surviving patients will have at least adequate pulmonary 
function to sustain life. 

Case #6:    

This 27-year-old man was admitted to the EOR in marked 
respiratory distress. A sketchy history was later assembled 
which included an evening of heavy drinking and possibly the 
intravenous injection of heroin. Blood gases on admission were: 
pH 7.10, pC02 65, p02 45, saturation 73%. Endotracheal intubation 
was immediately performed and vomitus · was noted in the hypopharynx. 
A chest radiograph revealed bilateral diffuse alveolar infiltrates. 
Initial therapy included IV fluids, aramine, steroids, antibiotics, 
and continuous IPPB. On the day following admission the patient 
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remained severely hypoxemic with an arterial po 2 of 80 mm Hg while 
breathing 90% oxygen. Succinylcholine was administered to control 
the patient's respiratory pattern. CPPB, with an end-expiratory 
pressure of 10 em H20 was applied; this procedure allowed the Fr 
to be decreased to 40% with the arterial p02 maintained at 48 mm0Hg. 
However, over the next two days increasing concentrations of in
spired oxygen were required to maintain the arterial p0 2 in the 
range of SO mm Hg. Four days following admission, the patient was 
placed on a Lande membrane oxygenator with a vena-venous shunt pro
viding a 4 liter/minute flow _of oxygenated blood. The inspired 
oxygen concentration used to ventilate his lungs during this period 
of extracorporeal oxygenation was reduced -to 30%. Systemic heparin 
was administered while the patient was on the membr~ne oxygenator. 
Approximately 14 hours after being placed on the oxygenator he 
developed fixed dilated pupils and bilateral plantar extensor re
sponses. These neurological findings remained unchanged and the 
membrane oxygenator support was discontinued. The patient expired 
24 hours later. 

A brainstem hemorrhage was found at autopsy. The lungs were 
virtually airless, and deeply congested. 

Diagnoses: 1. Massive acid aspiration pneumonitis. 2. 
Possible heroin-induced pulmonary edema. 

Pulmonary edema following the injection of heroift may occur 
abruptly or after a several hour lag period; may produce fulminant 
symptoms or be incidentally detected radiographically; and usually 
responds to oxygen therapy alone although some investigators advo
cate the use of morphine antagonists in low doses (92-94). The 
subsequent course of this patient, however, suggests that he . had 
aspirated large quantities of acid gastric contents during the 
period of CNS depression. With the exception of transient improve
ment in oxygenation when CPPB was first applied, his course was 
inexhorably progressive. 

The use of an extracorporeal oxygenation system in this 
patient was predicated on the assumption that his lungs would re
cover if the patient could be kept alive. Long-term extracorporeal 
oxygenation was not feasible until the development of membrane 
oxygenators (95-98). In membrane oxygenators, direct contact of 
blood and bubbles of oxygen is avoided with the result that much 
less destruction of blood occurs (99). Although blood flow through 
a single membrane unit is limited, increased flow of oxygenated 
blood can be obtained by connecting several units in parallel. 
With the Lande unit, as employed in this patient, blood which has 
not been adequately oxygenated on a single pass through the mem
brane can be recycled. A vena-venous shunt was used in this patient 
with oxygenated blood being returned to the superior vena cava. 
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This technique provides a better distribution of oxygenated blood 
than return to the arterial system. The p02 of blood leaving the 
oxygenator was between 200-400 mm Hg at a flow of 4 liters/minute 
resulting in an arterial p0 2 between 60-80 mm Hg while ventilation 
of the patient's lungs was continued with nontoxic levels of in
spired oxygen. Unfortunately, systemic heparinization is required 
with present units and the patient's death can be directly attri
buted to anticoagulation. However, the institution of a successful 
oxygenation support system for a significant period of time holds 
the promise that further developments in this area will make extra
corporeal oxygenation a practical therapeutic adjunct for patients 
with reversible respiratory insufficiency. 

Although the various modes of therapy available were demon
strated in case presentations, it would be useful to review them 
separately. 

A. Supportive Therapy 

1. Oxygen 

Death during the first few hours after the onset of 
acute pulmonary edema due to diffuse alveolar damage is due to 
tissue hypoxia produced principally by the inability of the lung 
to fully oxygenate the blood (arterial hypoxemia) although cardiac 
output may be reduced in some patients and oxygen released to 
tissues may be impaired by carbon monoxide in patients following 
smoke inhalation. Alveolar hypoventilation may contribute to the 
hypoxemia in patients with central nervous system depression. As 
previously discussed, hypoxemia is due mainly to right to left 
intrapulmonary shunting and thus responds poorly to oxygen ad
ministration alone. Oxygen should be used in high concentrations 
initially however. The aim of oxygen therapy is to restore the 
arterial po 2 to approximately 60 mm Hg; at this level, corresponding 
to approximately 90% saturation of hemoglobin, tissue hypoxia is . 
relieved (100). In this circumstance, as in all others, fear of 
pulmonary oxygen toxicity should not limit the use of oxygen in 
the concentration required to oxygenate the patient's tissues. 

2. Intermittent positive pressure breathing (IPPB) 

IPPB may be of benefit to the patient in pulmonary 
edema through several different mechanisms; decrease in the work 
of breathing and thus reducing the need for cardiac output and 
oxygen delivery, decrease in the pulmonary intravascular blood 
volume and possibly decreased venous return to the right heart, 
and, if large tidal volumes are administered, atelectatic areas 
of lung may be reopened. The latter mechanism provides the major 
source of improvement in both lung mechanics (increased compliance) 
and gas exchange (decreased shunting)(32, 33) and is probably the 
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most significant factor in the early treatment of patients with 
diffuse alveolar injury. However, to be effective, large tidal 
volumes of 15 ml/kg or greater must be achieved . This may re
quire endotracheal control of the airway, sedation with morphine, 
or muscular relaxation with drugs like succinylcholine and curare 
in tachypneic, restless patients. Significant respiratory 
alkalosis should be avoided by slowing the respiratory rate, 
addition of dead space, or possibly the addition of C02 to. in 
spired gas. Clements argues against the use of very large tidal 
volumes, such as were employed in Case 4, because of a deleterious 
effect on the conservation of surfactant (59). When a surfactant 
film is maximally extended, all available molecules are brought 
to the surface; subsequent compression causes some molecules to 
be extruded, thus wasting the limited surfactant re~erves . He 
suggests that both extremes of lung volume, atelectasis or over
expansion, . should be avoided in the management of patients with 
diminished surfactant . 

The value of immediate positive pressure inflation 
in diffuse alveolar injury has been best demonstrated by Cameron 
et al in studies of experimental acid aspiration (101). They 
instilled 2 cc/kg of 0.1 N HCl into the right mainstem bronchus 
in dogs; 15 of 18 untreated control animals died, while no 
fatalities occurred among 9 animals which received IPPB· for 
six hours beginning immediately after acid instillation. An 
additional group of 10 animals received IPPB for six hours be 
ginning 24 hours after acid instillation; their outcome was 
identical to that of the controls. Initial radiographic and 
physiologic changes were similar in all groups. In animals 
which survived, radiographic evidence of consolidation began to 
clear after 3 to 4 days, accompanied by a return of blood flow 
as demonstrated by lung scans. It seems likely that the bene
ficial effect of IPPB was due to reopening of lung regions which 
had been only partially damaged . In the absence of prompt re
opening irreversible changes occurr ed in these regions as well. 
Delayed changes in the lung following aspiration are not due to 
acid ~ ~ as other investigators have shown that the pH of 
instilled material is buffered within minutes (42). These 
findings suggest that the structural lung injury occurs virtually 
immediately and that subsequent deterioration in pulmonary function 
is due to the continuing effects of nonreabsorbed alveolar fluid 
and collapse. 

3. Continuous positive pressure breathing (CPPB) 

A number of investigators have recently reported the 
application of CPPB in patients with diffuse alveolar injury of 
various etiologies (102-108). CPPB administered via endotracheal 
tube or continuous positive airway pressure (CPAP)(without venti ~ 
lat6ry support) via a chamber enclosing the head and sealed at 
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the neck has been reported to improve lung function in infants 
with a neonatal respiratory distress syndrome (109, 110). En
closing the chest of such infants in a negative pressure chamber, 
which has the same physiologic effect as CPPB, also has been re
ported (111). Complications arising from the use of CPPB have 
received relatively scant attention in the literature. Pneumo
thorax has been seen in approximately 50% of patients in whom 
CPPB has been used at Parkland Hospital, and subcutaneous and 
mediastinal emphysema are even more common . Elevation of venous 
pressure, reduced cardiac output, and reduced blood pressure 
must be carefully watched for during the initial application of 
CPPB. However, due to the noncompliant stiff lungs of these 
patients, pressure applied to the airway may not be reflected 
by a rise in intrathoracic pressure and significant hemodynamic 
changes are not frequently seen. Our technique is to begin with 
5 to 8 em H20 pressure, follow the central venous pressure, heart 
rate, and blood pressure and recheck arterial blood gases after 
15 to 20 minutes. If no improvement in oxygenation has occurred, 
and no adverse hemodynamic changes have been noted, the level of 
CPPB is increased in stepwise fashion to a maximum of about 
15 em H20. It is important to emphasize that if CPPB is con
sidered, the patient must be in a £acility where he can be care
fully monitored, the occurrence of complications promptly recog
nized, and accurate measurements of arterial and inspired oxygen 
tensions obtained. 

4. Other supportive measures 

Left ventricular failure does not appear to contribute 
to the development of the initial lesion in patients with diffuse 
alveolar injury and digitalis is not recommended. Although .many 
patients show evidence of hemoconcentration initially due to the 
loss of plasma into alveolar spaces, vigorous fluid replacement 
may further aggravate the pulmonary lesion. As in other clinical 
states, the central venous pressure is an unreliable indicator of 
the patient's capability to tolerate fluid loads (112). However, 
volume expansion may alleviate hypotension associated with CPPB 
(105). Diuretics are likely to further reduce the intravascular 
volume without influencing the intrapulmonary extravascular fluid 
leading to hypotension and should accordingly not be used in the 
acute phase. Prompt endotracheal lavage following aspiration has 
been recommended. Since aspirated fluid appears at the pleura with 
in 18 seconds (40) and pH of the material is rapidly raised by 
intrinsic buffers (42), such lavage will accomplish little except 
to move tracheal contents more distal in the lung and add to the 
volume of alveolar fluid already present . 
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B. "Specific" Forms of Therapy_ 

1. Corticosteroids 

Intratracheal and/or parenteral administration of 
corticosteroids has been widely recommended to reduce the inflam
matory reaction following acid aspiration. The enthusiasm for 
this therapy stems from several early experimental studies and 
case reports which demonstrated a beneficial effect (113-115), 
despite other investigations which failed to find such benefit 
(42). In general, this reviewer found the negative studies to · 
have been more carefully performed and documented. One interesting 
study of acid aspiration, utilizing isolated perfused lung lobes, 
found that lobes treated with · Prodecadron {unfortunately a com
bination of isoproterenol and dexamethasone) accumulated less 
edema than control lobes (44). Clinical reports of beneficial 
effects of corticosteroid therapy must be interpreted with 
caution; aspiration pneumonitis is a highly varied process de
pending principally on the pH of the aspirated material which 
is rarely known under clinical circumstances. Steroids have 
been stated to be dramatically effective in patients with 
respiratory distress subsequent to fat embolization (102) and 
near-drowning (116). Although employed by many investigators, 
steroid therapy has received less enthusiasm in the treatment 
of severe viral pneumonia. 

If steroids are to have any effect on the initial 
lesion, it is apparerit that they must be administered soon after 
the lung insult. Our preference has been to employ parenteral 
steroids for acid aspiration if treatment is begun within 24 hours. 
Hopefully, the mechanism of action and indications for use of 
steroids will be soon evaluated in appropriate animal models. 

2. Antimicrobial agents 

In the absence of a primary infectious process, diffuse 
alveolar damage is a sterile lesion and antimicrobial agents are 
not required in initial therapy. In both patients and experimental 
animals, virtually all agents which produce this syndrome markedly 
impair the bactericidal defense mechanisms of the lung and super
infection, usually with gram-negative bacilli, is common. Great 
care must be exercised in the care of such patients to minimize the 
risk of infection and daily specimens of tracheal aspirates should 
be examined by smear and culture. Antimicrobial therapy is best 
deferred until infection is demonstrated. 

3. Surfactant replacement 

A few attempts have been made to replace alveolar sur
factant by aerosolizing phospholipid material into the lung (117-119) 
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but this approach has not been adequately explored experimentally 
and does not appear ready for clinical application, despite the 
technical capability of generating aerosols which are highly 
surface active (120). 

4. Other agents 

Even less well understood than surfactant is the role 
of various chemical mediators, such as histamine and serotonin, and 
the vasoactive polypeptides in the production and progression of 
acute diffuse alveolar injury. No clinicaL information about these 
substances, or their antagonists, in this syndrome is available. 

Pulmonary vascular thrombosis has been observed in 
both patients and experimental models of this syndrome. The 
frequency of this complication has varied widely and routine 
anticoagulation of such desperately ill patients is not recommended. 

C. Extracorporeal Oxygenation 

Although virtually all of the reported patients in whom 
prolonged extracorporeal oxygenation has been attempted have ulti
mately died, this technique offers a promising therapeutic adjunct 
for the future. Basic research is needed along several lines be
fore the potential usefulness of this technique can be evaluated. 
Improvements in oxygenator design, particularly to avoid the 
necessity of systemic heparinization, are being explored. A 
better understanding of the natural history of diffuse alveolar 
injury by various causes is required. 

Finally, as in all of medicine, an ounce of prevention 
is worth a pound of cure. In the casB of acid aspiration, the 
ounce may be one of an appropriate antacid (121). 

The syndrome of dyspnea, tachypnea, hypoxemia, decreased 
compliance, and diffuse alveolar infiltration in the absence of 
left ventricular failure may be caused by diffuse alveolar damage 
from a number of inhaled, aspirated, or endogenous toxic materials. 
The basic physiologic disturbances are explained by alterations 
in the fluid equilibrium of the lung with "unstable alveoli" being 
the hallmark of the disease. Treatment is mainly supportive with 
the aim of preventing death from hypoxia and to prevent : irreversible 
changes in collapsed or protein filled alveolar spaces. If the 
patient survives the acute process, the prognosis for return of 
nearly normal pulmonary function appears excellent. 

- 19 -



REFERENCES 

1. Greene, D. G.: Pulmonary edema, in Handbook of Physiology, 
Respiration, Vol. II, Chap. 70, p. 1585-1600. Amer. Physiol. 
Soc., Washington, D. C. 1964. 

2. Chinard, R. P., Enns, T., Nolan, M. F.: Pulmonary extra
vascular water volumes from transient time and slope data. 
J. Appl. Physiol. 17:179, 1962. 

3. Taylor, A. E., Guyton, A. C., Bishop, V. S.: Permeability 
of the alveolar membrane to solutes. Circ. Res. 16:353, 
1965. 

4. Staub, N. C.: Steady state pulmonary transvascular water 
filtration in unanesthetized sheep. Circ. Res. 28: Suppl. 
I, p. 135, 1971. 

5. Clements, J. A.: Pulmonary edema and permeability of alveolar 
membranes. Arch. Envir. Health 2:280, 1961. 

6. Guyton, A. C., Lindsey, A. W.: Effect of elevated left 
atrial pressure and decreased plasma protein concentration 
on the development of pulmonary edema. Circ. Res. 1:649, 1959. 

7. Mauck, H. P., Jr., Shapiro, W., Patterson, J. L., Jr.: 
Pulmonary venous (wedge) pressure: correlation with onset 
and disappearance of dyspnea in acute left ventricular heart 
failure. Amer. J. Cardiel. 13:301, 1964. 

8. Simmons, R. 1., Ducker, T. B., Anderson, R. W.: Pathogen.esis 
of pulmonary edema following head trauma: an experimental study. 
J. Trauma 8:800, 1968. 

9. Haddy, F. J., Campbell, G. S., Visscher, M. B.: Pulmonary 
vascular pressures in relation to edema production by airway 
resistance and plethora in dogs. Amer. J. Physiol. 161:336, 1950. 

10. Fred, H. L., Schmidt, A. M., Bates, T., Hecht, H. H.: Acute 
pulmonary edema of altitude: Clinical and physiologic observations. 
Circulation 25:929, 1962. 

Jl. Staub, N. C., Nagano, H., Pearce, M. 1.: Pulmonary edema in 
dogs, especially the sequence of fluid .accumulation in lungs. 
J. Appl. Physiol. 22:227, 1967. 

- 20 -



12. Storey, W. F., Staub, N. C.: Ventilation of terminal airway 
units. J. Appl. Physiol. 17:391, 1962. 

13. Drinker, C. K.: Pulmonary edema and Inflammation, Cambridge, 
Mass., Harvard University Press, 1945. 

14. Uhley, H., Leeds, S. E., Sampson, J. J., Friedman, M.: Some 
observations on the role of the lymphatics in experimental 
acute pulmonary edema. Circ. Res. 9:688, 1961. 

15. Hayward, G. W.: Pulmonary edema. Brit. Med. J. 1:1361, 
1955. 

16. Cottrell, T. S., Levine, 0. R., Senior, R. M., Wiener, J., 
Spiro, D., Fishman, A. P.: Electron microscopic alterations 
at the alveolar level in pulmonary edema. Circ. Res. 21: 
783, 1967 . 

17. Karnovsky, M. J.: The ultrastructural basis of capillary 
permeability studied with peroxidase as a ~racer. J. Cell. 
Biol. 35:213, 1967. · 

18. Schneeberger-Keeley, E. S., Karnovsky, M. J.: The ultra
structural basis of alveolar-capillary membrane permeability 
to peroxidase used as a tracer. J. Cell. Biol. 37:781, 1968. 

19. Hayes, J. A., Shiga, A.: Ultrastructural changes in pulmonary 
edema produced experimentally with ammonium sulfate. J. Path. 
100:281, 1970. 

20. Drinker, C. K., Hardenbergh, E.: Absorption from the pulmonary 
alveoli. J. Exp. Med. 86:7, 1947. 

21. Schultz, A. L., Grismer, J. T., Wada, S., Grande, F.: 
Absorption of albumin from alveoli of perfused dog lungs. 
Amer. J. Physiol. 207:1300, 1964. 

22. Liebow, A. A.: Aspects of transcapillary fluid and protein 
exchanges in the lung, in Fishman, A. P., Hecht, H. H., (eds): 
Symposium on the Pulmonary Circulation . and Interstitial Space. 
Chicago, University of Chicago Press, 1969, pp. 99-111. 

23. Alexander, I.G.S.: The ultrastructure of the pulmonary alveolar 
vessels in Mendelson's (acid pulmonary aspiration) syndrome. 
Brit. J. Anaesth. 40:408, 1968. 

24. Kisch, B.: Electron microscopy of capillary hemorrhage. I. 
Post hypoxemia hemorrhage in the lungs. Exp. Med. Surg. 23: 
117, 1965. . . . 

- 21 -



25. Colebatch, H. J. H., Halnagy, D. F. J.: Reflex pulmonary 
hypertension of fresh-water aspiration. J. Appl. Physiol. 
18:179, 1963. 

26. Modell, J. H., Davis, J. H., Giammona, S. T., Moya, F., 
Mann, J. B.: Blood gas and electrolyte changes in human 
near-drowning victims. JAMA 203:337, 1968. 

27. Fuller, R. H.: The clinical pathology of human near-drowning. 
Proc. Roy. Soc. Med. 56:33, 1963. 

28. Clements, J. A., Brown, E. S., Johnson, R. P.: Pulmonary 
surface tension and the mucus lining of the lungs: Some 
theoretical considerations. J. Appl. Physiol. · 12:262, 1958. 

29. Brown, E. S., Johnson, R. P . , Clements, J. A.: Pulmonary 
surface tension. J. Appl. Physiol. 14:717, 1959. 

30. Clements , J. A. , Hustead, R. F . , Johnson, R. P., Bribetz, I.: 
Pulmonary sur face tension and alveolar stability. J. Appl. 
Physiol. 16: 444, 1961. 

31. Williams, J. V., Tierney, D. F., Parker, H. R.: Surface 
forces in the lung, atelectasis, and transpulmonary pressure. 
J. Appl. Physiol. 21:819, 1966. 

32. Cook, C. D. , Mead, J., Schreiner, G. L., Frank, N. R., Craig, 
J. M.: Pulmonary mechanics during induced pulmonary edema in 
anesthetized dogs. J. Appl. Physiol. 14:177, 1959. 

33. Said, S., Lengacher, J. W., Jr., Davis, R. K., Banerjee, C. M., 
Davis, W. M., Wooddell, W. J.: Pulmonary gas exchange 
during induction of pulmonary edema in anesthetized dogs. 
J. Appl. Physiol. 19:403, 1964. · 

34. Sharp, J. T ., Griffith, G. T., Bunnell, I. L., Greene, D. G.: 
Ventilatory me chanics in pulmonary edema in man. J. Clin. 
Invest. 37:111, 1958. 

35. Winternitz, M. C., Smith, G. H., McNamara, F. P.: Effect of 
intrabronchial insufflation of acid. J. Exp. Med. 32:199, 
1920. 

36. Mendelson, C. L.: The aspiration of .stomach contents into 
the lungs during obstetric anesthesia. Amer. J. Obstet. Gynec. 
52:191, 1946 . . 

37. Teabeaut, J. R.: Aspiration of gastric contents: an experimental 
study. Amer. J. Path. 28:51, 1952. 

- 22 -



38. Berson, W., Adriani, J.: "Silent" regurgitation and aspiration 
during anesthesia. Anesthesiology 15:644, 1954. 

39. Bosomworth, P. P., Jamelberg, W.: Etiologic and therapeutic 
aspects of aspiration pneu~onitis . . Expeiimental study. 
Surg. Forum 13:158, 1962. 

40. Hamelberg, W., Bosomworth, P. P.: Aspiration pneumonitis: 
experimental studies and clinical observations. Anesth. and 
Analges. 43:669, 1964. 

41. Exarhos, N. D., Logan, W . . D., Jr., Abbott, 0. A., Hataker, C.R.: 
The importance of pH and volume in tracheobronchial aspiration. 
Dis. Chest 47:167, 1965. 

42. Awe, W. C., Fletcher, W. S., Jacob, S. W.: The pathophysiology 
of aspiration pneumonitis. Surgery 60:232, 1966. · 

43. Cameron, J. L., Anderson, R. P., Zuidema, G. D.: Aspiration 
pneumonia: a clinical and experimental review. J. Surg. 
Res. 7:44, 1967. 

44. Fisk, R. L., Symes, J. F., Aldridge, L. L., Couves, C. M.: 
The pathophysiology and experimental therapy of acid pneumonitis 
in ex vivo lungs. Chest 57:364, 1970. 

45. Pamintuan, R. L., Brashear, R. E., Ross, J. C., DeAtley, R.E.: 
Cardiovascular effects of experimental aspiration pneumonia 
in dogs. Amer. Rev. Resp. Dis. 103:516, 1971. 

46. Greenfield, L. J., Singleton, R. P., McCaffree, D. R., Coalson, 
J. J.: Pulmonary effects of experimental graded aspiration 
of hydrochloric acid. Ann. Surg. 170:74, 1969. 

47. Conner, E. H., Dubois, A. B., Comroe, J. H., Jr.: Acute 
Chemical injury to the airway and lungs. Anesthesiology 23: 
538, 1962. 

48. Webster, J. R., McCabe, M. M., Karp, M.: Recognition and 
management of smoke inhalation. JAMA 201:287, 1967. 

49. Lowry, T., Schuman, L. M.: Silo-filler's disease: A syndrome 
caused by nitrogen dioxide. JAMA 162:153, 1956. 

50. Scheel, L. D., .Dobrogorski, 0. M., Mountain, J. T., Suirbely, 
J. L., Stokinger, H. E.: Physiologic, biochemical, immunologic 
and pathologic charges following ozone exposure. J. Appl. 
Physiol. 14:67, 1959. 

51. Hallee, T. J.: Diffuse lung disease caused .by inhalation of 
mercury vapor. Amer. Rev. Resp. Dis. 99:430, 1969. 

- 23 -



52. Kleinfeld, M.: Acute pulmonary edema of chemical 
origin. Arch. Envir. Health .l0:942, 1965. 

53. Kistler, G. S., Caldwell, P.R.B., Weibel, E. R.: Development 
of fine structural damage to alveolar and capillary lining 
cells in oxygen~poisoned rat lungs. J. Cell Biol. 32: · 

54. 

605, 1967. . . 

Schafener, F., Felig, P., Trachtenberg, E.: 
rat lung after protracted oxygen breathing. 
83:99, 1967. 

Structure of 
Arch. Path. 

55. Nash, G., Blennerhassett, M. B., Pontoppidan, H.: Pulmonary 
lesions associated with oxygen therapy and artificial ventila
tion. N. Engl. J. Med. 276:368, 1967. 

56. Cederberg, A., Hellsten, S., Nioner, G.: Oxygen treatment 
and hyaline pulmonary membranes in adults. Acta Path. et. 
Microbial. Scandinav. 64:450, 1965. 

57. Chu, J., Clements, .J. A., Cotton, E., Klaus, M. H., Sweet, 
A. Y., Thomas, M. A., Tooley, W. H.: The pulmonary hypo 
perfusion syndrome. Pediatrics 35:33, 1965. 

58. Tierney, D. F., Clements, J. A. , Trahan, H. J.: Rates of 
replacement of lecithins and alveolar instability in rat 
lungs. Amer. J. Physiol. 213:671, 1967. 

59. Clements, J. A.: Pulmonary surfactant. Amer. Rev. Resp. 
Dis. 101:984, 1970. 

60. Finley, T. N., Swenson, .E.W., Clements, J. A., Gardner, R.E., 
Wright, R. R., Severinghaus, J. W.: Charges in mechanical 
properties, appearance, and surface activity of extracts of 
one lung following occlusion of its pulmonary artery in the 
dog. Physiologist 3:56, 1960. 

61. Chernick, V., Hodson, W. A., Greenfield, L. J.: Effect of 
chronic pulmonary artery ligation on pulmonary mechanics 
and surfactant. J. Appl. Physiol. 21:1315, 1966. 

62. Sutnick, A. I., Soloff, L. A.: Pulmonary arterial occlusion 
and surfactant production in ·humans. Ann. Int. Med. 67:549, 
1967. 

63. Tierney, D. F.: Pulmonary surfactant in health and disease. 
Dis. Chest 47:247, 1965. 

64. Taylor, F. B., Jr., Abrams, M. E.: Inhibition of clot lysis 
by surface active lipoprotein from lung and inhibition of 
its surface activity by fibrinogen. Physiologist 7:269, 1964. 

- 24 -



65. Brewer, L. A., III, Burbank, B .. , Samson, P. C., and Schiff, 
C. A., The "wet lung" in .war casualties. Ann. Surg. 123: 
343, 1946. . 

66. Mallory, T. B., Sullivan, E. R., Burnett, C. H. Simeone, 
F. A., Shapiro, S. L., and Beecher, H. K.: 
The general pathology of traumatic shock. Surgery 27: 
629, 1950. . 

67. Martin, A. M., Simmons, R. L., Heisterkamp, C. A.: Respiratory 
insufficiency in combat casualties: I. Pathologic changes 
in the lungs of patients dying of wounds. Ann. Surg. 170: 
30, 1969. . . 

68. Geiger, J. P., Gielchinsky, I.: Acute pulmonary insufficiency: 
Treatment in Vietnam casualties. Arch. Surg. 102:400, 1971. 

69. Wilson, J. W., Ratliff, N. B., Mikat, E., Hackal, D. B., 
Young, W.G., Graham, T. C.: Leukocyte changes in the pulmonary 
circulation: A mechanism of acute pulmonary injury by various 
stimuli: 13th Aspen Con£. on Respiratory Disease and Emphysema, 
1970. 

70. Evarts, C. M.: The fat embolism syndrome: A review. Surg. 
Clin. N. Amer. SO, 493, 1970. 

71. Swank, R. L., Edwards, M. J.: Microvascular occlusion by 
platelet emboli after transfusion and shock. Microvasc. Res. 
1:15,1968. 

72. Fulton, R. L., Peter, E.T.: The progressive nature of pulmonary 
contusion. Surgery 67:499, 1970. · 

73. Shepard, G. H., Ferguson, J. L., Foster, J. H.: Pulmonary 
contusion. Ann. Thor. Surg. 7:110, 1969. 

74. Nichols, R. T., Pearce, H. J., Greenfield, L. J.: Effects 
of experimental pulmonary contusion on respiratory exchange 
and lung mechanics. Arch. Surg. 96:723, 1968. 

75. Garzon, A. A., Seltzer, B., Karlson, K. E.: Physiopathology 
of crushed chest injuries. Ann. Surg. 168:128, 1968. · 

76. Winternitz, M. C., McNamara, F. P. Wason, I.M.: Pathology 
of influenza, Yale University Press, New Haven, 1920. · 

77. Lauria, D. B., Blumenfeld, H. L., Ellis, J. T., Kilbourne, 
E. D., Rogers, D. E.: Studies on influenza in the pandemic 
of 1957-1958.: II. Pulmonary complications of influenza. 
J. Clin. Invest. 38:213, 1959. 

- 25 -



78. Martin, C. M., Kunin, C. M., Gottlieb, L. S., Barnes, M. W., 
Liu, C., Finland, M.: Asian influenza A in Boston, 1957-
1958. Arch. Int. Med. 103:515, 1959. 

79. Triebwasser, J. H., Harris, R. E., Bryant, R. E., Rhoades, 
E. R.: Varicella pneumonia in adults: Report of seven cases 
and a review of literature. Medicine 46:409, 1967. 

80. Finucane, K. E., Colebatch, H. J. H., Robertson, M. R., 
Gandevia, B. H.: The mechanism of respiratory failure in 
a patient with viral (varicella) pneumonia. Amer. Rev. Resp. 
Dis. 101:949, 1970. 

81. Levin, S., Dietrich, J., Guillory, J.: Fatal nonbacterial 
pneumonia associated with adenovirus, type 4, JAMA 201:155, 
1967. 

82. Clinicopathologic conference, Barnes and Wohl Hospitals: 
Adult respiratory distress syndrome. Amer. J. Med. 50:521, 1971. 

83. Masferrer, R.F.: A practical device for producing continuous 
positive pressure breathing. Inh. Therapy. 15:160, 1970. 

84. Barach, A. L., Martin, J., Eckman, M.: Positive pressure 
respiration and its application to the treatment of acute 
pulmonary edema. Ann. Int. Med. 12:754, 1938. 

85. Sharp, J. T., Bunnell~ I. L., Griffith, G. T., Greene, D. G.: 
The effects of therapy on pulmonary mechanics in human 
pulmonary edema. J. Clin. Invest. 40:665, 1961. 

86. Parsons, E. F., Travis, K., Shore, N., Kazemi, H.: Effect 
of positive pressure breathing on distribution of pulmonary 
blood flow and ventilation. Amer. Rev. Resp. Dis. 103: 
356, 1971. 

87. Sladen, A., Zanca, P., Hadnott, W. H.; Aspiration pneumonitis
the sequelae. Chest 59:448, 1971. 

88. Northway, W. H., Jr., Rosan, R.C., Porter, D. Y.: Pulmonary 
disease following respirator therapy of hyaline-membrane 
disease : Bronchopulmonary dysplasia. N. Engl. J. Med. 276: 
357, 1967. . 

89. Kaplan, H. P., Robinson, F. R., Kapanci, Y., Weibel, E. R.: 
Pathogenesis and reversibility of the pulmonary lesions of 
oxygen toxicity in monkeys. I. Clinical and light microscopy 
studies. Lab. Invest. 20:94, 1969. · 

- 26 -



90. Kapane, Y., Weibel, E. R., Kaplan, H. P., Robinson, F. R.: 
Pathogenesis and reversibility of the pulmonary lesion of 
oxygen toxicity in monkeys. II. Ultrastructural and morpho
metric studies. Lab. Invest. 20:101, 1969. 

91. Weg, J. G., Greenberg, S. D., Gyorkey, F., Gyorkey, P., 
Jenkins, D. E.: Electron microscopic demonstration of dis
ruption of capillary integrity in acute diffuse pneumonia. 
Am. Rev. Resp. Dis. 103:897, 1971. (Abstract). 

92. Bertalanfy, F. D.: Dynamics of cellular populations in the 
lung. In:_ The tung: International Academh of Pathology Mono
graph, ed1tea y L1ebow, A. A., and Smit , D. E. page 19, 
Baltimore, Williams and Wilkins Co., 1968. 

93. Lauria, D. B., Hensle, T., Rose, J.: The major medical 
complications of heroin addiction. Ann. Intern. Med. 67:1, 
1967. 

94. Steinberg, A. D., Karliner, J. S.: The clinical spectrum of 
heroin pulmonary edema. Arch. Intern. Med. 122:122, 1968. 

95. Cook, W.A., Webb, W. R.: Pump oxygenators and hypothermia. 
Ann. Thorac. Surg. 1:466, 1965. 

96. Goldman, A., Boszormeni, E., Utsu, F., Enescu, V., Swan, H. J. C., 
Corday, E.: Vena-arterial pulsatile partial bypass for circu
latory assist. Dis. Chest 50:633, 1966. 

97. Sugg, W. L., Webb, W. R., Cook, W. A.: Assisted circulation. 
Ann. Thorac. Surg. 3:247, 1967. 

98. Pierce, E. C., II, Pierce, G.: The membrane lung - The in
fluence of membrane characteristics and lung design on gas 
exchange. J. Surg. Res. 3:67, 1963. 

99. Lande, A. J., Edwards, L., Block, J. H., Carlson, R. G., 
Subramanian, V., Ascheim, R. S., Scheidt, S., Fillmore, S., 
Killip, T., Lillehei, C. W.: Prolonged cardio-pulmonary 
support with a practical membrane oxygenator. Trans. Amer. 
Soc. for Artif. Int. Organs 16:352, 1970. 

100. Pierce, A. K.: Oxygen: A drug. Medical Grand Rounds, Park
land Memorial Hospital, January 7, 1971. 

101. Cameron, J. L., Seber, J., Anderson, R. P., Zuidema, G. D.: 
Aspiration pneumonia: Results of treatment by positive
pressure ventilation in dogs. J. Surg. Res. 8:447, 1968. 

- 27 -



102. Ashbaugh, D. G., Bigelow, D. B., Petty, T. L., Levine, B. E.: 
Acute respiratory distress in adults. Lancet 2:7511, 1967. 

103. Ashbaugh, D. B., Petty, T. L., Bigelow, D. B., Harris- T. M.: 
Continuous positive - pressure breathing (CPPB) in adult 
respiratory distress syndrome. J. Thor. Cardiovasc. Surg. 
57:31, 1969. 

104. Uzawa, T., Ashbaugh, D. G.: Continuous positive-pressure 
breathing in acute hemorrhagic pulmonary edema. J . Appl. 
Physiol. 26:427, 1969. 

105. Kumar, A., Falke, K. J., Geffin, B., Aldredge, C. F., Laver, 
M. B., Loweftstein, E., Pontoppidan, H.: Continuous positive
pressure ventilation in acute respiratory failure. Effects 
on hemodynamics and lung function. N. Engl. J. Med. 283: 
1430, 1970. 

106. Mcintyre, R. W., Laws, A. K., Ramachadran, P. R.: Positive 
expiratory pressure plateau: Improved gas exchange during 
mechanical ventilation. Canad. Anaes. Soc. J. 16:477, 1969. 

107. McMahon, S. M., Halprin, G. M.: Modification of intrapul
monary blood shunt by end-expiratory pressure application 
in patients with acute respiratory failure. Chest 59:27, 
1971. 

108. Seed, R. F., Sykes, M. K., Finlay, W. E.: The effect of 
variations in end-expiratory inflation pressure on cardio 
respiratory function b~fore and after open-heart surgery. 
Brit. J. Anaes. 42:488, 1970 . 

109. Llewellyn, M. A., Swyer, P. R.: Positive expiratory pres
sure during mechanical ventilation in the newborn. Program 
of the Society for Pediatric Research, Atlantic City, 1970. 
page 224. 

110. Gregory, G. A., Kitterman, J. A., Phibbs, R. H., Tooley, W. H., 
Hamilton, W. K.: Treatment of the idiopathic respiratory
distress syndrome with continuous positive airway pressure. 
N. Engl. J. Med. 284:1333, 1971. 

111. Vidyasagar, D., Chernick, V.: Continuous negative chest 
wall pressure in hyaline membrane disease. Program of the 
Society for Pediatric Research, Atlantic City, 1971, page 13. 

112. Forrester, J. S., Diamond, G., McHugh, T. J., Swan, H. J. C.: 
Filling pressures in the right and left sides of the heart in 
acute myocardial infarction. N. _ Engl. J. Med. 285:190, 1971 

- 28 -



113. Hansman, W., Lunt, R. L.: Problem of treating _ peptic 
aspiration pneumonia following obstetric anesthesia (Mendelson 
syndrome). J. Obstet. Gynac. Brit. Emp. 62:590, 1955. 

114. Lawson, D. W., Defalco, A. J., Phelps, J. A., Bradley, B. E., 
McClenathan, J. E.: Corticosteroids as treatment for aspira
tion of gastric contents: An experimental study. Surgery 
59:845, 1966. 

115. Lewinski, A.: Evaluation of methods employed in the treat
ment of the chemical pneumonitis of aspiration. Anesthesiology 
26:37, 1965. 

116. Sladen, A., Zauder, H. L.: Methyl prednisolone therapy for 
pulmonary edema following near drown-ng. JAMA 215:1793, 1971. 

117. Robillard, E., Alarie, Y., Dagenais-Perusse, P., Baril, E., 
Builbeault, A.: Microaerosol administration of synthetic 
S- y dipalmitoyl-L-a-lecithin in the respiratory distress 
syndrome: A preliminary report. Canad. Med. Assoc. J. 90: 
55, 1964. 

118. Shannon, D. C., Kazemi, H., Merrill, E. W., Smith, K. A., 
Wong, P.S.-L.: Restoration of volume-pressure curves with a 
lecithin fog. J. Appl. Physiol. 28:470, 1970. 

119. Chu, J., Clements, J. A., Cotton, E. K., Klaus, M. H., Sweet, 
A. Y., Tooley, W. H.: Neonatal pulmonary ischemia. Part I. 
Clinical and physiological studies. Pediatrics 40:709, 1967. 

120. Merrill, E. W., Graves, D. J., Smith, K. A., Shannon, D. C., 
Kazemi, H.: Lecithin aerosols generated ultrasonically above 
25°C. Science 164:1167, 1969. 

121 . Taylor, G., Pryse-Davies, J . : The prophylactic use of antacids 
in the preventive treatment of acid-pulmonary-aspiration 
syndrome. Acta. Anaesth. Scand. Suppl. 23-25:399, 1966. 

- 29 -



FIGURE 1 

ALVEOLUS 
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FI GURE 2 

ALVEOLAR PRESSURE DURING RESPIRATION 
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