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THE ADULT RESPIRATORY DISTRESS SYNDROME 

"In the course of clinical and laboratory observations on 272 
adult patients receiving respiratory support, a few patients di d 
not respond to usual methods of therapy . " 

Ashbaugh, D.G. Acute respiratory distress 
in adults. Lancet 2:319, 1967. 
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INTRODUCTION 

In 1967, Ashbaugh (1) described a group of twelve patie nts 
suffering from a severe form of respiratory failure, 
characterized by refractory hypoxemia, stiff lungs, and diffuse 
infiltrates on the chest radiograph. The patients had a variety 
of underlying illnesses, including trauma, pancreatitis, and 
pneumonia. Seven patients died and on postmortem examination 
extensive alveolar hemorrhage, edema, and intra-alveolar hyaline 
membranes were present. The authors named the condition the 
Acute Respiratory Distress Syndrome of Adults and postulated that 
it was produced by a common mechanism. In 1971 the same 
investigators renamed the syndrome the Adult Respiratory Distress 
Syndrome, or ARDS. ARDS is estimated to affect 150, 000 
peoplejyear in the United States and is a common cause of 
admission to an intensive care unit. Despite a great deal of 
investigation into the mechanisms of ARDS, little therapeutic 
progress has been made and mortality remains high. This 
presentation will review the clinical features, pathophysiolog y , 
pathogenesis, and therapy of ARDS. Special emphasis will be 
placed on the role played by the polymorpho nuc lear leukocyte 
(PMN) in initiating ARDS. 

DIAGNOSIS OF ARDS 

TABLE l 

DIAGNOSTIC CRITERIA FOR ARDS 

1. CLINICAL - Acute onset of respiratory distress 
in a patient with a predisposing condition 

2 . RADIOGRAPHIC - Diffuse infiltrates on chest x-ray 

3 . PHYSIOLOGIC 

a. Pao2 < 50 mmHg with an FI02 > 60 % 

b. Total respiratory compliance < 50 ml j cmH2o 

c. Normal left atrial pressure (PCWP .s_ 12 mmHg) 

Table 1 lists the five criteria which should be met to make 
a secure diagnosis of ARDS. Dyspnea usually occurs suddenly and 
typically progresses over hours to overt respiratory failure, 
requiring endotracheal intubation and mechanical ventilation. 
Most patients have one or more of the predisposing conditions 
shown on Table 2, which is an extensive list of all the 
afflictions associated with ARDS. The four conditions marked 
with an asterisk trauma, sepsis, gastric aspiration, and 
nosocomial pneumonia - precede more than 50% of ARDS cases. No 
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causal relationship to ARDS should be inferred from this list, 
and for some of the listed conditions the relationship is 
tenuous. For example, hypovolemic shock occurring without trauma 
is rarely followed by ARDS (2). 

TABLE 2 

CONDITIONS ASSOCIATED WITH THE 
ADULT RESPIRATORY DISTRESS SYNDROME 

* Trauma 
* Sepsis 
* Gastric Aspiration 
* Nosocomial Pneumonia 

Hypovolemic Shock 
Multiple Transfusions 
Burns 
Pulmona ry Contusion 
Near Drowning 
Cardiopulmonary Bypass 
Fat Embolism 
Pancreatitis 

* Common 

Air Embolism 
Granulocytic Leukemia 
Drugs (Heroin, Methadone, 
Acetylsalicylic Acid) 
Paraquat 
Smoke Inhalation 
Oxygen Toxicity 
Disseminated Intravascular 
Coagulation 
Miliary Tuberculosis 
Ionizing Radiation 
Viral, Mycoplasma, 
Pneumocystis Pneumonia 

The chest radiograph of ARDS patients shows diffuse 
opacification due to accumulation of edema fluid in the lung 
parenchyma. An interstitial pattern is present earl y , but rapid 
evolution into an alveolar pattern of homogeneous and confluent 
infiltrates, produced by edema fluid flooding into alveolar 
spaces, is common. The radiographic pattern of pulmonary edema 
per se is nonspecific and cannot be distinguished from pulmonary 
edema due to left ventricular failure. However , ancillary 
findings are often present on the radiograph which help in 
distinguishing cardiogenic edema from ARDS (Table J). 

TABLE 3 

RADIOGRAPHIC FEATURES OF CARDIOGENIC 
PULMONARY EDEMA AND ARDS 

FEATURE 

Heart size 
Pulmonary vasculature 
Peribronchial cuffs 
Air bronchograms 
Edema distribution 
Pleural Effusions 

CARDIOGENIC 

Enlarged 
Cephalized 
Common 
Absent 
Central 
Common 

Normal 
Normal 
Absent 
Common 
Peripheral 
Absent 
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The physiologic measurements used to diagnose ARDS include 
severe hypoxemia, defined as a Pao2 < 50 mmHg while the patie nt 
is breathing more than 60% o xygen. This degree of hypoxemi a is 
produced by the presence of large areas of lung which are 
perfused but not ventilated, and the blood flow to unventilated 
lung is considered an intrapulmonary shunt. In ARDS, the 
proportion of shunt flow is usually 30 % or more (i.e. QS/ QT ~ 30% 
QS=shunt flow, QT=total pulmonary blood flow). Hypoxemia due to 
shunting is characteristically unaffected by increases in the 
FI02 . The extensive pulmonary edema of ARDS causes the lungs to 
become stiff and noncompliant, which greatly increases the work 
of breathing and causes tachypnea. The compliance of the total 
respiratory system (lungs, chest wall, and diaphragm) can be 
measured by occluding the mecha nical ventilators ' expiratory 
circuit at the end of a tidal volume inspiration and reading the 
pressure on the ventilators' manometer; 

Tidal volume lml l 
Total Respiratory Compliance = Manometer Pressure (CM H2o) 

If positive end expiratory pressure (PEEP) is being used, the 
amount of PEEP should be subtracted f rom the manometer pressure. 
Normal compliance values are 90-110 ml/ CMH 2o, a nd in ARDS 
compliance is typically < 30 ml/CHH2o. The final diagnostic 
criteria is a pulmonary capillary wedge pressure ( PCWP) ~ 12mmHg. 
Accurate clinical estimation of the PCWP is exceedingly difficult 
in critically ill patients, and even experienced clinicians 
correctly predict the PCWP only 50 % of the time ( 3, 4) . 
Futhermore, fulminant cardiogenic edema results in similar 
radiologic and phys iologic findings as ARDS. Thus, most 
investigators recommend that a diagnostic right heart 
catheterization, with measurement of the PCWP, be performed soon 
after ARDS onset. 

RISK OF DEVELOPING ARDS 

Two studies have recently been reported which quantify the 
risk of developing ARDS for hospitalized patients . Both studies 
indentified all patients in their institutions with ARDS risk 
factors and prospectively followed them. The diagnosis of ARDS 
was made only if all of the diagnostic criteria shown on Table 1 
were met . The study by Fowler et al (5) involved three large 
hospitals over a 1 year period, and 993 patients with the risk 
factors shown (Table 4) were identified. The Pepe study (6) was 
performed at one hospital and enrolled only endotracheally 
intubated patients. 
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TABLE 4 

ARDS INCIDENCE IN AT RISK PATIENTS 

Fowler (5) Pege (6) 
#ARDS/#Risk %ARDS #ARDS/#Risk %ARDS 

Sepsis 9/239 4 5/13 38 
Gastric Aspiration 16/45 36 7/23 30 
Fracture 2/38 5 1/12 8 
Multiple Transfusions 9/197 5 4/17 24 
Cardiac Bypass 4/ 237 2 
DIC 2/9 22 
Nosocomial Pneumonia 10/84 12 
Pulmonary Contusion 5/ 29 17 
Near Drowning 2/3 66 
Pancreatitis 1/ 1 100 
Hypotension 0/ 1 0 
Single Risk Factor 54/93 6 6 25/99 25 
Multiple Risk Factors 14/57 25 24/37 65 

The ARDS incidence rates in the Fowler Study varied from 2% 
(bypass, burns) to 36% (gastric aspiration), with higher 
incidence rates for sepsis (38 %), fracture (8%), and 
transfusions (24%) in the Pepe study . The higher rates in the 
latter study may be due to the fact that all patients were 
intubated, and presumably sicker. The Pepe study defined sepsis 
as hypotension with a low systemic vascular re s istance a nd a 
"clinical picture" of a serious bacterial infection; positive 
blood cultures were not required and, of the six culture negative 
sepsis patients, three (50%) developed ARDS. Both invest i gators 
noted that the risk factors they used to identify at risk 
patients correctly identified 80% of all patients developing ARDS 
during the study period. A synergistic effect of multiple risk 
factors on incidence was found by both groups, as shown on the 
last two rows of Table 4. A final piece of important clinical 
data from both investigations was that ARDS usually {>80 %) 
develops within 48 hours of a risk factor. Thus, patients 
surviving for 2 days after a risk factor event will usually not 
develop ARDS. 
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PATHOLOGY 

Despite the wide variety of conditions associated with ARDS, 
the morphologic changes in the lung are similar and follow a 
stereotypic course. The term diffuse alveolar damage (DAD) 
describes the pathologic findings, and DAD is divided into an 
acute (exudative) stage and a chronic (organizing or 
proliferative) state (Figure 1) (7). 

FIGURE 1. 

The Exudative and Proliferative Stages 
of Diffuse Alveolar Damage (DAD) 
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Katzenstein, A. Surgical Pathology of Non-Neoplastic 
Lung Disease. W.R. Saunders, 1982. 

The changes of acute DAD, present from Da y 1 to Day 7 , 
include a marked loss of endothelial and type 1 alveolar 
epithelial cells. A hemorrhagic edema is p resent in the 
interstitial and alveolar spaces and thick hyaline membranes, 
composed of fibrin and cellula r debris, line the alveoli . PMNs 
are present throughout and morphometric studies have confirmed an 
eight fold increase in the number of PMNs (8-11). Diffuse 
thrombos is of small {<lmm diameter) and large pulmonary arteries 
is common, with thrombi composed of fibrin, PMNs, and red blood 
cells (12). Prominent accumulation of platelets is unusual. 

The proliferative stage begins after Day 7. A 
hyperplasia of Type II alveolar epithelial cells occurs 

marked 
as · the 
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cells attempt to restore an epithelial surface over denuded 
basement membrane exposed by the loss of Type 1 cells. 
Proliferation of fibroblasts occurs in both the interstitial and 
alveolar spaces, and histologic evidence of fibrosis begins to 
appear approximately seven days after ARDS onset. Some 
investigators have found an increased collagen content in the 
lungs of all patients dying after 10 days of ARDS (13), whereas 
others have f ound that only 1/ 3 of such patients have increased 
collagen ( 14) . Fibrosis may proceed very rapidly, leaving the 
patient with an end stage "Honeycomb" lung within weeks. The 
presence of extensive fibrosis on lung biopsy is a poor 
prognostic finding and is associated with an 80 % mortality rate 
( 15) . At the present time our understanding of the factors 
causing fibroblast proliferation in ARDS is minimal, although it 
is likely that fibroblasts are responding to chemotactic factors 
(fibronectin fragments, elastin peptides, and LTB 4 ) released 
during the acute phase of ARDS and to fibroblast growth f a cto r s 
released from platelets and alveolar macrophages (1 6- 2 0). 

PATHOPHYSIOLOGY OF ARDS 

The mechanical and gas exchange derangements occuring in 
ARDS are the result of the pulmonary edema which accumulates 
shortly after ARDS onset. In the normal lung, a net movement of 
20 ml fluidjhr occurs across the pulmonary capillary bed and into 
the interstitial space (21), where the fluid is promptly removed 
by the interstitial lymphatics. The Starling equation represents 
the forces acting across the pulmonary capillaries, as shown by 
the formula Qf=K[ (Pc-Pi) r( -n-- c- 1'1 i) ], with Qf=net flui d 
movement across the capillaries, K=a cons tant , P=hydros t a t ic 
pressure in the capillary (Pc) and interstitium (Pi ) , r=the 
reflection coefficient (a measure of capillary permeability) , and 
'71 = the oncotic pressure in the vessels (.,c) and interstitium (rr 
i). Normally, r is close to one and the main factor determining 
fluid movement into the interstitial space is the pulmonary 
capillary hydrostatic pressure (22). 

Pulmonary edema can be classified according to underlying 
mechanism (high pressure · or cardiogenic versus high permeability 
edema) or by the anatomic site(s) involved (interstitial versus 
alveolar edema). To understand the pathogenesis of edema 
formation in ARDS, it is helpful to consider the lung as being 
composed of two discrete compartments, the interstitial and the 
alveolar space (Figure 2). The interstitial space is defined by 
the capillary endothelium and alveo6ar epithelium. Morphologic 
studies (23,24) have shown small (40A) slits between endothelial 
cells, while alveolar epithelial cells are joined together by 
tight junctions (zonulae occludens). Functional studies have 
demonstrated that small molecules (<40,000 daltons molecular 
weight) can pass through the · normal endothelial barrier, but 
alveolar epithelium is normally completely impermeable and blocks 
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even the passage of electrolytes. This relative endothelial 
leakiness accounts for the normal movement of fluid and protein 
into the interstitial space. The impermeability of the alveolar 
epithelium prevents any entry of fluid from the interstitium into 
the alveoli, thus preserving the gas exchange function of the 
lung. 

FIGURE 2 
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Cardiogenic edema occurs due to an increase in the c ap il lary 
hydrostatic pressure; endothelial permeability remain s l ow and 
there is a net movement of water , but not large molecular we ight 
proteins, into the interstitial space. Three factors act to limit 
the effect of cardiogenic edema on pulmonary function (22) . 
First, lymph flow rates increase up to ten fold . Second, the 
increased amount of interstitial water dilutes the interstitial 
protein concentration, which decreases interstitial oncotic 
pressure and opposes further entry of water into the lung. 
Lastly, the alveolar epithelial barrier remains impermeable, 
excluding edema from the alveolar space and preserving gas 
exchange. Although alveolar edema does occur during severe heart 
failure, the fluid enters the alveoli by passing through the 
bronchiolar epithelium and spilling into the alveoli in a 
retrograde fashion. As a result of these protective mechanisms, 
hypoxemia due to cardiogenic edema is usually mild and responds 
readily to low concentrations of inspired oxygen . 

The edema of ARDS results from an injury which increases the 
permeability of both the endothelial and alveolar epithelial 
cells. The increase in epithelial cell permeability allows 
protein rich edema fluid to move from the interstitial space, 
where lymphatic drainage can remove it, and into the alveolar 
space, · where clearance is less efficient (25). Thus, a 
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consistent finding in lung specimens of patients dying early in 
the course of ARDS is a large amount of alveolar edema (10), and 
disruption of tight alveolar epithelial cell junctions has been 
shown in a canine ARDS model (26,27). Animal experiments 
comparing high pressure and permeability edema have demonstrated 
marked differences in the distribution of edema (Table 6). 

TABLE 6 

CHARACTERISTICS OF TWO TYPES OF PULMONARY EDEMA 

Extravascular lung H2o 
(GrH 2o ; Gr Dry Lung) 

# Lung Sections with: 
Interstitial edema 

Alveolar edema 

Epithelial damage 

Intrapulmonary Shunt (%) 

Type of Pulmonary Edema 
Permeability High Pressure 

8.2 

9/ 64 

52 / 64 

31/ 108 

48 

8.2 

21/60 

18/6 0 

1/ 25 

39 

JCI 77:1786, 1986 

For equal amounts of total lung water, permeability e dema 
predominantly involved the alveolar space and was assoc iated with 
more alveolar epithelial damage and a larger shunt. 

Investigation of ARDS pulmonary edema in humans has been 
performed by utilizing bronchoalveolar lavage (BAL) to obtain 
alveolar edema fluid. Such studies have demonstrated the rapid 
accumulation of radiolabeled albumin from the blood into the 
alveolar space of ARDS patients, compared to patients with 
cardiogenic edema (28). Measurement of the protein content of 
edema has been suggested as a diagnostic test for distinguishing 
cardiogenic and permeability edema (Figure 3) (29,30). Not only 
is the amount of protein increased in ARDS, but very l a rge 
molecules, such as IgM (900 Kd), appear in ARDS BAL samples ( 31). 
The appearance of such large plasma proteins is indicative of the 
severe epithelial cell damage which occurs in ARDS. 
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TABLE 7 

PHYSIOLOGIC CONSEQUENCES OF ALVEOLAR EDEMA IN ARDS 

Decreased vital capacity and functional 
residual capacity ~ airway closure 

Decreased compliance ~ increased wo rk of 
breathing 

Intra pulmonary shunt of blood flow t o 
unventil a ted alveoli ~ refractory hypoxemia 

9 

The physiologic consequences of lung edema in ARDS are 
listed on Table 7. A fall in the functional residua l capacity is 
uniformly present and contributes to ventilation perfusion 
inequality by causing air trapping distal to areas of airway 
closure (32). Defective surfactant may be partially responsible 
for the small lung volumes, as BAL studies have detected 
decreases in the lecithin/ sphingomyelin ratio, % of disaturated 
lecithin, and complete absence of surface tension lowering 
activity in surfactant material obtained from ARDS pa tients 
(33, 34) . The biochemical abnormalities of ARDS surfactant 
resemble those present in premature neona tes with hyaline 
membrane disease. Loss of surfac tant activity might act to 
worsen edema accumulation in ARDS, as increases in alveo l a r 
surface tension have been shown to increase lung water content by 
lowering interstitial hydrostatic pressure (35). A decrease in 
lung compliance occurs due to the increased recoil pressure of 
the edematous lung, which increases the work of breathing and 
leads to respiratory muscle fatigue. 
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The most serious and life threatening derangement of ARDS is 
the presence of large areas of totally unventilated lung. 
Dantzker (36) has quantitated, using an inert gas technique, the 
amount of pulmonary blood flow perfusing unventilated lung 
(intrapulmonary shunt; V/ Q ratio of OJ in ARDS patients; the 
results of a representative study of one patient are shown in 
Figure 4. A mean intrapulmonary shunt flow of 38 % was found in 
16 ARDS patients. The presence of such a large amount of shunt 
flow explains the difficulty encountered clinically in achieving 
adequate arterial oxygenation, as blood perfusing totally 
unventilated alveoli will not become oxygenated even if 100 % 
oxygen is inhaled (37). 

FIGURE 4 
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The pulmonary vasculature is prominently affected by ARDS. 
Right heart catheterization performed on thirty ARDS patients 
revealed pulmonary hypertension (mean pulmonary artery pressure 
>25 mmHg) in all (Figure 5). 
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The pulmonary hypertension was not due to hypoxemia a nd was 
caused by a three to five fold increase in pulmonary vascular 
resistance (PVR), and was associated with a l a rge increase in 
right ventricular work (38) . The PVR can usual l y be lowered 
during the first 72 hours of ARDS by infusing nitroprusside or 
isoproterenol , suggesting that dilatation or recruitment of 
pulmonary vessels can occur early. After 72 hours the elevated 
PVR usually becomes fixed and unresponsive to drugs (39). 
Pulmonary angiography performed within 48 hours of ARDS onset has 
shown that 48% of patients have demonstrable filling defects in 
vessels of >lmm diameter (40), and intravascular thrombi, 
composed of fibrin and PMNs, and a decreased number of >1mm 
diameter pulmonary arteries are commonly found at autopsy (41). 
The reversibility of the early pulmonary hypertension suggests 
that vasoactive inflammatory mediators may be involved, and the 
fixed nature of late pulmonary hypertension is probably due to in 
situ thrombosis and fibrosis occluding the vascular bed . 

Vascular involvement may also be an important determinant of 
ARDS outcome. Pulmonary hypertension worsens pulmonary edema by 
increasing capillary hydrostatic pressure and by increasing the 
effective pore size of pulmonary endothelial cells (42). A 
decrease in the PVR commonly occurs several days after ARDS onset 
in survivors, while non-survivors tend to have a persistently 
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elevated PVR (39). The permeability sur-face area for urea (PSU), 
a measurement of pulmonary blood flow perfusing "leaky" 
capillaries, has been determined in ARDS patients and relat~d to 
outcome. ARDS survivors and non-survivors had identical amounts 
of lung water, but survivors had a significantly lower PSU, and 
PSU correlated well ·with the alveolar-arterial o2 gradient (43 ) . 
Thus, the ability of the pulmonary circulation to decrease flow 
to injured lung units, thereby decreasing shunt flow, may be an 
important determinant of survival. 

PATHOGENESIS 

On a cellular level, ARDS is an acute inflammatory reaction 
involving much of the lung. Inflammation in vivo is a complex 
event which procedes through multiple, and often redundant, 
pathways involving a number of mediators and cells. Rather than 
attempt a review of the entire melange of mediators and cells 
which have been implicated in the pathogenesis of ARDS, this 
review will focus on a selected group of mediators and the PMN. 
A large body of clinical and experimental data indicate that PMNs 
commonly initiate the syndrome, but the reader should be aware 
that PMN independant pathways undoubtedly exist as well (44). 

Inflammatory Mediators Initiating ARDS 

Bacterial lipopolysaccharide (LPS) ,tumor necrosis factor 
(TNF), and complement are three inflammatory mediators for which 
there is convincing clinical and j or experimental evidence 
suggesting an important role in ARDS. Althoug h the effects of 
these mediators on PMNs will be emphasized, both LPS and TNF have 
direct effects on endothelial cells which may be important . 
Conditions such as sepsis and trauma affect the lung by releasing 
mediators into the systemic circulation, whereas nosocomial 
pnumonia, gastric aspiration, and other pulmonary diseases cause 
local production of mediators. Although they will not be 
reviewed, it is possible that a role in the initiation andj or 
perpetuation of ARDS will be demonstrated for platelet activating 
factor (45,46), interleukin 1 (47), and leukotrienes (48-50). 

1. Lipopolysaccharide (LPSl. Nanogramj ml (ngj ml) concentrations 
of LPS are detectable in the blood of patients with gram 
negative bacteremia (51) and, although many of the 
manifestations of septic shock are mediated by TNF (vide 
infra) , LPS has a number of important pro-inflammatory direct 
effects. Low concentrations ( ngj ml) of LPS increase PMN 
adherence to endothelial cells (52), and leukopenia 
developing in rabbits after LPS infusion is not TNF dependent 
(53). LPS primes PMNs for augmented o- release when a second 
stimulus is delivered (54). Endothelia\ cells exposed to LPS 
for brief periods develop increased adhesiveness for PMNs 
(55), release a PMN chemotactic factor (56), and express 
tissue factor activity capable of initiating blood 
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coagulation via the extrinsic pathway (57). Prolonged (24 hr) 
LPS exposure is toxic to endothelial cells and increases 
endothelial monolayer permeability (58,59). LPS interacts 
with the complement system by generating phlogistic 
complement products via activation of the alternativ e 
complement pathway (60). Since gram nega tive bacteremia 
frequently precedes ARDS, these direct LPS effects may be 
important in initiating pulmonary injury. 

2. Tumor Necrosis Factor (TNF). TNF is a potent cytokine which 
is rapidly (within 90 minutes) released in large amounts by 
macrophages exposed to LPS or viruses (61). Ta ble 8 
summarizes the inflammatory effects of TNF. 

In Vivo 

In Vitro 

TABLE 8 

Inflammatory Effects of TNF 

Fatal shock with pulmonary edema, renal failure 

Pulmonary PMN sequestration, leukopenia, high 
permeability pulmonary edema 

Increased PMN 02 release, adherence, lysosoma l 
enzyme release 

Increased endotheli a l cell adh esiveness for 
PMNS 

Endothelial cell injury 

Infusion of gram negative bacteria or LPS into primates 
(62,63) produces septic shock, which can be prevented by 
pretreatment with anti-TNF antibody. Microgram doses of 
recombinant TNF given to rats also produces lethal shock, and 
pulmonary edena with large numbers of PMNs have been noted in 
the animals lungs (64). TNF administered to dogs causes 
hypoxemia, leukopenia,and pulmonary hemorrhage (65). In 
vitro, ngj ml concentrations of TNF activate PMNs, via high 
affinity TNF receptors (66), and cause 02 a nd lysosomal 
enzyme release ( 67) , and increased PMN adherence to 
endothelial cells (68). TNF causes endothelial cells to 
express tissue factor ( 69) and release Interleukin 1 (IL-l) 
(70), and an effect of TNF on endothelial cells promotes PMN 
adherence and ·migration across endothelial monolayers (71). 
Prolonged T~F exposure causes disruption of endothelial 
monolayers and loss of endothelial cell fibronectin (72). 
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Administration of small amounts of TNF, insufficient to 
cause fatal shock, have been shown to cause high permeability 
pulmonary edema in guinea pigs. Leukopenia, hypoxemia, and 
large numbers of PMNs were present in the lungs of TNF 
treated animals. Interestingly, no evidence of injury was 
noted in non-pulmonary organs, suggesting that the lungs may 
be especially susceptible to TNF induced injury (73). 
Administration of 4 ngjkg LPS to humans results in a rapid 
rise in plasma TNF and leukopenia (74), and an association 
between mortality, leukopenia, and circulating TNF levels has 
been noted in patients with meningococcemia (75). It is 
likely that future investigations in humans will demonstrate 
a role for TNF in sepsis associated ARDS (76,77). 

3. Complement. Sepsis and trauma (78,79) are two conditions 
commonly associated with ARDS in which complement activat ion 
frequently occurs. C5a des arg, a complement activation 
product, is a potent PMN chemotaxin which also induces Pl1N 
adherence, 02 release, and lysosomal enzyme release (80 ). A 
prospective study of 61 patients at risk for ARDS reported 
increased C5a levels prior to ARDS onset in 31 of 33 patients 
developing ARDS; only 5 of the 28 patients not developing 
ARDS had elevated C5a (81). However, three other studies of 
similar groups of at risk patients have found that elevated 
C5a levels commonly occur in many seriously ill patients and 
do not predict ARDS (82-84). A recent investigation of 87 
septic patients reported elevated levels of the terminal 
complement complex (C5a-C9) in the plasma of most pa tients 
prior to the onset of ARDS, and the levels remained e levated 
until AROS resolved . The authors noted that the terminal 
complex was more stable than C5a and may be a bette r index of 
ongoing complement activation. (85). 

Experiments in animals have shown that intra-tracheal 
administration of CSa or C5 induces high permeability 
pulmonary edema and an influx of PMNs (86) . However, 
intravascular complement activation (87), or infusion of ex 
vivo CSa activated PMNs (88), produces pulmonary PMN 

~ sequestration without injury. Intravascular generation of 
CSa, following hemodialysis with cellophane membranes, has 
been described in humans (89). During dialysis patients 
developed leukopenia, increased C5a levels, and hypoxemia, 
but pulmonary edema did not occur ( 90) . Thus, it appears 
that systemic complement activation alone is insufficient to 
cause AROS. Experiments in rabbits have shown that infusion 
of C5a and LPS, but not either substance alone, causes 
pulmonary edema (91). Similar results were obtained with C5a 
and a brief (10 minute) exposure to hypoxia (92). The effect 
of hypoxia was blocked by pretreatment with a cyclooxygenase 
inhibitor, suggesting that hypoxia caused release of a 
prostaglandin mediator (92). Thus, it is likely that in 
humans, the effect of systemic complement activation may be 
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additive to that of other inflammatory mediators in producing 
ARDS. 

PMS and ARDS 

The normal human lung contains a large number of PMNs in the 
pulmonary capillaries. These marginated cells are loosely 
adherent, easily mobilized by epinephrine, and rarely enter the 
lung parenchyma (94). In rabbits, the size of the pulmonary PMN 
pool varies inversely with blood flow (95), and if a similar 
relationship exists in humans, then shock would lead to large 
increases in the number of marginated pulmonary PMNs. 

Clinical studies, as well as the pathologic studies reviewed 
earlier, suggest that PMNs enter the lung early in ARDS. 
Pe rcutaneous lung biopsies have been performed on patients withi n 
hours of trauma and hypovolemi c shock, and the biops i es from 
patients who later developed ARDS showed prominent Pl1N 
accumulation in pulmonary capillaries, with evidence of lysosomal 
granule release and endothelial injury (96). Three investigat o rs 
have performed BAL within 24 hours of ARDS onset, a nd from 68 t o 
82% of the lavaged cells were PMNs; increased numbers of PMNs 
were not present in BAL obtained from intubated patients with 
non-ARDS respiratory failure (Figure 6) (97-9 9 ). 

·FIGURE 6 
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BAL has also been performed on 12 patients judged to be at 
high risk for ARDS, and a marked increase in PMNs was found in 
the 5 patients who subsequently developed ARDS (100). In 
patients with established ARDS, the % PMNs in the BAL fluid 
correlates well with both the alveolar to arterial (A-a) o 2 gradient and the BAL protein content (Figure 7) (97). 
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FIGURE 7 
Correlatio n o f the Alveo lar-arterial (A-a) o 2 

Gradient (A ) and BAL Protein Content (B) 
with the % PMNs in BAL 
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The PMN lysosomal enzymes elastase ( 101) , collage nase ( 97 , 99 ) , 
and myeloperoxidase (97) have been detected in ARDS BAL f luid as 
well, suggesting that PMN activation had occurred. An increa se in 
the A-a o2 g radient , from a group mean of 148 to 290 mmHg, and 
the onset of dyspnea has been observed in leukopenic ( < 1, 000 
WBCj mm 3) patients during resolution of the leukopenia (102). 
Finally, a factor chemotactic for PMNs was found in BAL fluid in 
the majority (13 / 16) of patients lavaged within 24 hours of ARDS 
onset (98). 

Although the findings noted in clinica l studies s uggest an 
association between ARDS a nd PMNs, they do not allow one to 
determine if PMNs are causing lung injury . Investiga tions 
suggesting a causal role for PMNs have been performed in several 
animal models, with the sheep model being the most relevant to 
human ARDS . Collection o f pure sheep lung lymph is possible 
bec a use the lung lymphatic vessels drain e xc l usively into a large 
caudal medias tinal node, which can be cannulated ( 103). 
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Chronically instrumented sheep can be studied in an 
unanesthetiz ed state, with measurement of lung l ymph flow, l ymph 
protein content, lung mechanics, and hemodynamics. As a model fo r 
the pulmonary effects of gram nega tive ba cte r e mi a the 
instrumented sheep were origina lly given in f usions of l ive 
Ps eudomona s aeruginosa, but the animals frequently d eveloped 
florid pulmonary edema and died (104). Subseque ntly, intra v e nous 
infusion of sublethal ( <1ugj kg) doses of LPS were used, with 
better results. 

FIGURE 8 

Effect of Endotoxin (LPS) on Lung Lymph 
Flow and Pulmonary Artery Pressure 

P A QT (U• 
CO,.C[IfUUIOJol 
\L o••"' ",.•- f 

cuo< 
t. YWP .. '" t. OW ,,.,,,,_, 

..r, .. 
P U\_ WQ .. II IU 

&lll f (<> • 
P II ( 5!.UII( 
,, ..... 2o 1 

o.> 

Lab. Invest. ~: 46 0, 198 3 

Representative data from an e xperiment using the shee p model a r e 
shown on Figure 8 , a nd the exper i me nta l r esults ca n be summa r ized 
as follows: 

1. The pulmonary artery pressure rapidly inc r ea s es during 
infus i on a nd then f al ls over 1-2 hours. 

LPS 

2. Lung lymph flow increases during LPS infusion and continue s 
to increase for several hours. The protein content of the 
lung lymph also rises, producing a large increase in lung 
lymph protein clearance (lymph flow x l ymph protein content) 
( 105). 
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3. The increase in lung lymph protein clearance represented an 
increase in endothelial permeability, because the left atrial 
pressures remained constant and increased lymph protein 
clearance occurred even when the rise in pulmonary artery 
pressure was prevented. In contrast, inflation of a left 
atrial balloon in the animals caused a marked rise in left 
atrial pressure, increased lung lymph flow, but decreased the 
lung lymph protein content. 

4. A marked drop in the number of circulating WBCs was noted 
(9,634 j mm 3 to 1,900j mm 3 1 hr after LPS), at the same time 
that many PMNs were accumulating in the lungs (Figure 9) . A 
high degree of correlation was noted between the fall in the 
peripheral WBC count and an increase in the A-a o2 gradient 
( 106). 

5. Histologic examination of the lungs revealed accumulation and 
degranulation of PMNs in the pulmonary capillaries within 
minutes of LPS administration. Within 2 hours of LPS, 
migration of PMNs into the interstitial space and endothelial 
cell damage was evident (107). 
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Results similar to those noted above were obtained when 
zymosan activated plasma, a source of activated complement , was 
administered to sheep instead of LPS ( 108) . PMN depletion by 
hydroxyurea pretreatment ablated the increase in lymph flow and 
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lymph protein clearance after LPS (Figure 10), suggesting tha t 
PMNs were necessary for increased endothelial permeability 
(109,110). Methylprednisolone, given 30 minutes prior to LPS and 
continued for 3 hours, prevented the increase in lung lymph 
protein clearance. However, methylprednisolone had no effect when 
given after lung lymph protein clearance had increased (111) The 
results from this sheep model of gram negative sepsis strongly 
support a central role for PMNs in producing the high 
permeability pulmonary edema characteristic of ARDS. 
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PMN depletion did not affect the increased pulmonary artery 
pressure occurring after LPS infusion, and large amounts of TxB 2 
(a metabolite of Thromboxane A2 ) and 6 keto PGFl (a prostacyclin 
metabolite) were present in the lung lymph after LPS. Subsequent 
investigation indicated that the pulmonary hyperte nsion was 
mediated by Thromboxane A2 , as pretreatment with a specific 
Thrornboxane synthetase inhJ.bi tor (VK3 7-2 4 8) prevented both the 
rise in lung lymph TxB2 and the increased pulmonary artery 
pressure (112,113). An additional vasoactive effect of 
prostaglandins, with prostaglandins acting as inhibitors of the 
normal hypoxic pulmonary vasoconstriction response, has been 
reported (114). Dogs infused with LPS had marked increases in 
circulating prostacyclin and thromboxane levels and a complete 
loss of pulmonary vasoconstriction in response to alveolar 
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hypoxia. Pretreatment with cyclooxygenase inhibitors restored 
hypoxic vasoconstriction. Since the effect of hypoxic 
vasoconstriction is to decrease perfusion to unventilate d 
alveoli, prostaglandins may be involved in producing both the 
pulmonary hypertension and the large intrapulmonary shunt which 
are characteristic of AROS. 

Mechanisms of Lung Injury in ARDS 

The presence of large numbers of PMNs is not injurious t o 
the normal lung in vivo, and PMN activation must oc cur as a n 
initial step in the genesis of PMN mediated pulmona r y injury . 
Bacteria, immune complexes, LPS, TNF, FMLP (a peptide rele ased 
from gram negative bacteria and mitochondria), a nd C5a all 
activate PMNs . Activation is defined funct i ona l l y as increased 
PMN adherence and spreading, 02 production, and l ysosoma l e nzyme 
release , and most PMN activating stimuli act by incre asi ng 
cytosolic free calcium via a G protein coupled mec ha nism (11 5) . 
The ways in which PMN adherence, Oz release, and en zyme r e l ease 
initiate AROS will be reviewed, w1th emphas is o n inte r act i ons 
between the three facets of activation. 

PMN Adhesion 

The volumn of the pulmonary capillary bed is large, and its 
position as the first capillary bed encountered by PMNs returning 
from the systemic circulation makes the lung especia ll y 
vulnerable to accumulating activated PMNs . PMN adherence t o 
pulmonary endothelial cells must occur prior to di aped e sis a nd 
entry into lung parenchyma, and adherent PMNs exhibit a ugme nte d 
release of 02 (11 6 ), H2o 2 (11 7 ), and l ysosoma l en zymes ( 1 18 ) . 

Recentl y , the molecular basis of PMN adherence has bee n 
elucidated. In 19SO, Crowley (119) described a missing s urface 
protein on PMNs obtained from children afflicted with recurrent 
bacterial infections. Affected children had persistent 
neutrophila, with 5-20 fold increased circulating PMN counts, and 
a striking absence of PMNs in infected tissue sites (120). In 
vitro, the PMNs adhered poorly to a variety of surfaces and had 
lessened chemotactic responses. The missing PMN protein has been 
identified as the COwlS adhesion complex, which is a heterodimer 
composed of an d. and B subunit (121). Normal resting PMNs 
have small amounts of COwlS on their surface. Stimuli such a s 
C5a, FMLP, TNF, and LPS induce a rapid (within minutes) 4-S f o ld 
increase in the amount of cell surface COwlS ; such rapid 
~xpression is possible because COwlS is stored preformed in PMN 
secondary granules (122,123). Increased PMN COwlS levels 
correlate with increased PMN adherence to endothelial cells and 
connective tissue matrices (124), and PMN adherence can be 
completely ablated by monoclonal anti-COwlS antibodies (125). It 
has been suggested that PMN activation, in addit-ion to causing 
quantitative increases in COwlS, also causes functional changes 
in the COwlS complex which enhance adherence (126 ) . 
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The leukopenia and pulmonary dysfunction of hemodialysis 
patients which was earlier reviewed was associated with increased 
PMN COwlS levels (127). Direct measurment of COwlS on PMNs from 
patients at risk for ARDS, or with established ARDS, has not been 
reported. However, there is evidence suggesting that circulating 
PMNs from ARDS patients are activated. PMNs from patients with 
early ARDS produce more 02 and have increased chemotaxis in vitro 
(12S). A prospective study of 40 patients with ARDS risk factors 
investigated the relationship between the circulating WBC count 
and ARDS (Table 9). SO% of patients developing ARDS had a fall 
in their WBC ~ount, usually in the 24 hour period prior to ARDS 
onset (129). 

TABLE 9 

Relationship Between Leukopenia 
and the Development of ARDS 

WBC Count 

<4,200j mm 3 
>4,200j mm 3 

+ ARDS 
(No. 
s 
2 

- ARDS 
of patients) 

4 
26 

Presumably, the leukopenia was due to PMNs accumulating in the 
lung. In vitro, anti-COwlS antibodies have been effective in 
preventing lung injury in an animal ARDS model (130) and have 
prevented PMA stimulated PMNs from damaging alveolar epithelial 
cells (131). Anti COwlS antibodies could prevent PMNs from 
damaging pulmonary capillary endothelial cells a nd fr om ente r i ng 
the interstitial space, and therapy with such a ntibodies has 
potential for preventing ARDS. 

PMN-Endothelial Cell Interaction 

Little attention has been given thus far to the pulmonary 
endothelium where ARDS begins. Although endothelial cells hav e 
long been thought of as passive participants in inflammation, it 
has become evident that they are metabolically active cells which 
respond to inflammatory mediators in a number of ways. For 
example, LPS and TNF stimulate fibrin formation on the 
endothelial surface by inducing endothelial cell tissue factor 
production (69), and LPS, TNF and IL-l have been shown to induce 
synthesis and release of a 7. 5 Kd PMN chemotactic f actor from 
cultured human endothelium (56). 

Endothelial cells also interact with PMNs by expressing 
adhesion molecules; two such molecules have been identified to 
date and have been designated Intercellular Adhesion Molecule 1 
(ICAM-1) and Endothelial Leukocyte Adhesion Molecule 1 (ELAM-1). 
ICAM-1 has been detected on human endothelial cells from 

. multiple sites and is constitutively expressed (132,133). COwlS 
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is thought to be the PMN surface structure recognizing and 
adhering to ICAM 1 (134). ELAM-1 is not expressed on normal 
endothelial cells, but exposure to LPS, TNF, or IL-l causes 
rapid appearance of endothelial cell ELAM-1 resulting in 
increased PMN adherence which is independant of COwlS (1 35). The 
amino terminal 120 amino acids of ELAM-1 resemble that of known 
animal lectins, and ELAM-1 is thought to recognize PMN cell 
membrane carbohydrates (136). In vivo, ELAM-1 expression has 
been demonstrated on endothelial cells from inflammatory sites 
(137). Thus, inflammatory stimuli present during AROS can both 
increase PMN COwlS levels and act directly on endothelial cells 
to promote PMN adherence by a COwlS independent mechanism. 

Reactive oxygen Intermediates 

Most stimuli which activate PMNs result in NAPDH oxidase 
activation, and NAOPH oxidase cata lyzes the formation of 02 from 
oxygen. The reactive oxygen intermediates (ROis) produced from 02 
are exceedingly damaging to proteins and cells and may be 
important in producing AROS. This section will review 
investigations pertinent to the role of ROis in inflammatory lung 
injury. 

The pathways of 02 metabolism used by stimulated Pt1Ns are 
outlined on Figure 11. 

FIGURE ll. 

02 is rapidly reduced to H2o 2 by superoxide dismutase. H2o 2 is 
a stable ROI which can directly injure endothelial cells (13S), 
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but little H2o 2 is present in the medium of activated PMNs. 
Additionally, endothelial cells contain catalase and a 
glutathione peroxidase - glutathione reductase system capable of 
metabolizing H2o 2 ( 139). The major pathway of H2o 2 metaboli sm 
involves a myeloperoxidase catalysed reaction between H2o 2 and 
any available halide (usually CL) to produce HOCL. 
Myeloperoxidase is released from activated PMNs and binding of 
myeloperoxidase, a highly basic protein, to target cell membranes 
has been demonstrated to markedly increase the cellular toxicity 
of HOCL (140). . Approximately 40% of the H2o 2 produc7d by 
activated PMNs form~ extracellular HOCL (141) . HOCL ~ s an 
e xtremely reactive oxidizing agent which reacts with amino groups 
on proteins to produce chloramines, oxidizes sulfhydryl groups, 
and damages cell membranes by lipid peroxidation (142, 143). 

A number of in vitro investigations have suggested that PMNs 
damage pulmona ry endothelial and epi thelial cells by HOCL 
production (144-147). However, these experiment s were performed 
using serum and protein free solutions. HOCL is so reactive that 
even small amounts of plasma proteins act as HOCL scavengers, 
reacting with HOCL to produce chloramines (148). Thus, the 
presence of small amounts of serum protects cells from HOC L 
(138). The scavenging effect of plasma proteins is probabl y 
important in ARDS, since high protein concentrations are present 
in the interstitial and alveolar space. 

The results of in vivo animal experiments suggest that ROis 
can produce high permeability pulmonary edema. Intra-tracheal 
administration of the HOCL generating enzymes glucose oxidase and 
myeloperoxidase induced pulmonary edema in rats (149). 
Intravenous cobra venom factor, which causes massive complement 
activation, caused PMN mediated pulmonary edema in rats (150 ) . 
Elevated levels of lipid peroxidation products were noted in the 
blood, and catalase was protective , which suggests that H2o 2 
andjor HOCL was the active ROI (151). Similar results have been 
obtained from an isolated perfused lung model (146) and a 
pulmonary Arthus reaction model (152). High levels of H2o 2 have 
been detected in the expired breath of ARDS patients, suggesting 
that pulmonary PMNs are producing ROis (153). 

In addition to direct cellular toxicity, ROis may potentiate 
the ability of PMN proteases to cause injury. PMNs contain a 
collagenase stored in secondary granules in a latent form. HOCL, 
produced by activated PMNs, has been shown to be responsible for 
activating collegenase outside of PMNs (154). - ~ 1PI, the primary 
anti-elastase of the lung and plasma , contains a methionine 
residue near the active site which is susceptible to oxidation, 
and oxidized .__A 1PI reacts very slowly with elastase ( 155). 
Oxidized 1PI is susceptible to cleavage by elastase ( 156) . In 
vitro, 10 6 PMNs, the approximate number of PMNs in 1 ml of blood, 
can produce sufficient HOCL to inactive 300 ug <.>\ 1PI, but this 
represents only 25% of the c7. 1PI plasma concentration ( 1. 2 
mge>'\1PI/ml). Additionally, presence of even small amounts of 
other proteins, such as albumin, scavenges HOCL and protects 
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V\ 1PI from oxidative inactivation (157). Investigations in 
humans have shown that oxidized .7, 1PI ~s present in ARDS BAL 
fluid (158,159). However, in most cases large amounts of active, 
unoxidized 1PI were present as well ( 160, 162) . Thus, a major 
problem with implicating HOCL as a mediator of ARDS lung injury 
is the high concentrations of plasma proteins in ARDS edema, as 
it is likely that any HOCL produced by PMNs would be scavenged by 
edema proteins before cellular injury could occur. 

PMN Proteolytic Enzymes and ARDS 

PMN lysosomal granules contain two enzymes - collagenase and 
elastase active at a neutral pH. Oxidative activation of 
collagenas.e has been reviewed; collagenase activity has been 
detected ~n ARDS BAL (97), suggesting that collagenase may be 
involved in matrix degradation. 

Elastase is a 
primary granules and 
( 163) . Elastase is 
cells (Table 10). 

potent protease which is present in PMN 
is released by phagocytosing or dying PMNs 
active against a variety of proteins and 

TABLE ~0 

Effects of Elastase 

Elastin Degradation 

Types III and IV collagen degradation 

Fibronectin digestion 

Cell Injury 

As is evident from Table 10, elastase is capable of destroying 
multiple components of lung interstitial matrix and basement 
membrane (164-166). In vitro, using serum free systems, PMN 
elastase causes increased endothelial monolayer permeability 
(167), endothelial cell detachment (168) and lysis (52), and 
alveolar Type II epithelial cell injury ( 130). Early 
investigations into the mechanisms of inflammatory injury during 
dermal Arthus reactions implicated PMN elastase in basement 
membrane destruction, edema formation, and endothelial cell 
necrosis (169-171). Elastin degradation products have been 
detected in serum and BAL from ARDS patients (172), and ARDS BAL 
fluid has been shown to contain a factor(s) capable of inducing 
PMN elastase release (173). Additionally, a correlation between 
antigenic elastase BAL concentrations and the A-a o2 gradient has 
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been demonstrated, suggesting an 
release and lung injury (Figure 12) 

association 
(97) . 

between elastase 
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Interest in elastase as an agent of acute pulmonary injury began 
in 1981, when Lee (101) detected elastase activity in AROS SAL 
fluid. However, three subsequent investigators have not detected 
elastase activity in AROS SAL, despite the presence of high 
levels of antigenic elastase (Table 11) . 

TABLE ll 

Elastase, ~ lPI Levels in ARDS BAL 

Elastase ) 1PI 

Author Year #Pts Antigenic Functional Antigenic Functional 
( % of Patients) ( % of Patients ) 

Lee 1981 23 NO 44 100 54 
McGuire 1982 24 NO 64 66 50 
I dell 1985 13 100 0 100 NO 
Weiland 1986 18 100 0 100 NO 
Wewers 1988 7 71 0 100 100 

The three investigators reporting no elastase activity all 
performed SAL with large volumes of saline, whereas the initial 
two studies which detected elastase activity used small volume 
lavage; large volume SAL samples the alveolar space of the lung 
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more accurately, and thus technical reasons may explain the 
discrepant results (174). A common finding of all studies was 
the presence of large amounts of protein, including J· lPI and · ~ 2 
macroglobulin, in BAL. The concentrations of "-"\ lPI ranged from 
10 to ·4 o fold above normal. Although a proportion of the -·· lPI 
was oxidized and inactive, large amounts of active ._,._ lPI were 
still present in most patients. Thus, free elastase activity is 
not present in the lungs of ARDS patients, and anti-elastase 
levels are actually augmented due to the high permeability edema. 

PMN Adherence, Proteolysis, and HOCL Release 

The results of the studies presented thus far suggest that 
during ARDS PMNs are surrounded by an excess of elastase 
inhibitors and HOCL scavengers, and any elastase or HOCL released 
is quickly neutralized. How, then, does the PMN initiate lung 
injury during ARDS? It has become appa r ent that adherence of 
PMNs to either cells or connective tissue matrices is critical 
for injury to occur . The initial observation stimulating 
interest in PMN adherence was made by Wright, who noted that 
phagocytosing macrophages were able to exclude proteins of >50 Kd 
molecular weight from the area of cell-matrix contact (175). 
Campbell (176) investigated the ability of stimulated PMNs to 
degrade a fibronectin matrix and found that large amounts ( 100 
fold in excess of the PMNs total elastase content) of -' lPI were 
unable to block proteolysis. Catalase did not increase - lPI 
efficacy, suggesting that oxidative inactivation of • lPI by 
activated PMNs was not the reason for the persistent proteolysis. 
The same investigator later demonstrated that activated PMNs, in 
the presence of .f- . lPI, degraded matrix protein only in areas 
directly below the cells. Exclusion of ~ lPI from the area of PMN­
matrix contact was demonstrable (177). Subsequent investigators 
have confirmed these results and have shown that activated PMNs 
degrade matrix proteins even when 100% plasma, containing a 
30,000 fold molar excess of ::;>, lPI, is prese nt ( 178) . Although 
large molecular weight elastase inhibitors such as o. lPI a nd soy 
bean trypsin inhibitor were ineffectual, small molecular weight 
chloromethylketone elastase inhibitors ( 600 dal tons) completel y 
blocked PMN proteolysis (179). 

Similar results have been obtained from investigations of 
PMN cytotoxicity. PMNs, stimulated with LPS and FMLP, adhered 
tightly to endothelial cells and lysed the cells even in the 
presence of 50% plasma or ·~lPI, although a low molecul ar weight 
elastase inhibitor was protective. Stimulated PMNs from a 
chronic granulomatous disease patient, which do not produce ROis, 
did not damage endothelial cells. The results of these 
experiments suggest that adherent PMNs utilize both proteases and 
ROis to produce cellular injury (52) . Harlan has demonstrated 
that FMLP stimulated PMNs, suspended in 10% serum, are capable of 
producing increased permeability of endothelial monolayers. PMNs 
from patients with chronic granulomatous disease or CDwl8 
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deficiency were ineffective, suggesting that proteases and tight 
adherence are important in inducing capillary leaks (166). 

Thus, it is likely that PMNs initiate ARDS by first becoming 
tightly adherent to pulmonary endothelial cells and basement 
membrane. The adherent, activated PMN is able to create a 
subcellular zone excluding the large amounts of surrounding 
plasma proteins (Figure 13). 

FIGURE 13 

pp = Plasma Protein a1 PI = Protease inhibitor 

Release of HOCL, elastase, and collagenase into the subce~ lular 
zone inactivates any protective proteins present and allows 
unimpeded proteolytic and HOCL activity on the underlying matri x 
or cell. This integrated PMN activation r esponse effects 
inflammatory injury even when large amounts of inhibitors are 
present in the surrounding inflammatory milieu. 

ARDS in Neutropenic Patients 

Although this review has emphasized the PMNs role in 
producing ARDS, fourteen patients have been described with well 
documented ARDS and profound ( <500 PMN/ rnm 3 ) neutropenia 
( 180, 181). Eight of the 14 had typical ARDS histology on lung 
biopsy or autopsy, while six had pneumonia; in all fourteen, few 
or no PMNs were present in the lunq. Thus, it is clear that ARDS 
can occur without PMNs. It is probable that ARDS occurred in 
these neutropenic patients due to direct toxic effects of LPS and 
TNF, as 13 of the 14 were thought to be septic prior to 
developing ARDS. Whatever the mechanism, ARDS in neutropenic 
patients demonstrates that multiple pathways can injure the lung 
and eventuate in ARDS. 
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Therapy of ARDS 

Although understanding of the basic mechanisms producing 
ARDS has increased since the syndrome was first described in 
1967, advances in ARDS therapy have not been marked. There are 
two reasons why current ARDS treatment frequently fails. First, 
therapy is largely supportive and is not directed at the 
underlying processes producing lung injury. Second, treatment is 
started too late; by the time a patient meets the diagnostic 
criteria for ARDS , cellular injury and severe disruption of 
normal lung function has already occurred. In the future , earl ier 
identification of patients with ARDS risk factors may prevent 
ARDS by allowing earlier institution of anti-infl a mmatory the rapy 
directed against the PMN. This section will review the current 
principles of ARDS management (Table 12). 

TABLE 12 

PRINCIPLES OF ARDS MANAGEMENT 

Maintain adequate oxygenation ( Pa o 2 > 55mmHg 
with an FI02 ~ 50%) 

Avoid volume overload 

Diagnose and Treat Infection 

oxygenation and Positive End Expiratory Pressure (PEEP) 

The i nitial priority in treating ARDS pati e nts is us ua ll y 
correct i ng the severe hypoxemia. Although an adequa t e Pao 2 c a n 
sometimes be achieved with a tight fitting face mask delivering 
100% FI02 , patients usually fatigue, due to their increased work 
of breathing,and require endotracheal intubation and mechanical 
ventilation. Although an adequate Pao 2 can sometimes be acheived 
using standard modes of mechanical ventilation and 100% FI0 2 , 
100% oxygen should not be administered for longer than 24 hours. 
Exposure of normal humans to 100% o 2 for more than 24 hours 
causes a progressive decrease in Pao2 , decreased lung compliance, 
and increased intrapulmonary shunt blood flow ( 18 2) . Prolonged 
periods of hyperoxia damage pulmonary epithelial and endothelial 
cells in v itro (182), and oxygen toxicity is a known cause of 
ARDS. Thus, if a patient cannot be oxygena t e d by st-andard 
mechanical ventilation with an FI02~50 % , positive end expiratory 
pressure (PEEP) should be started. 

The use of PEEP for ARDS was first described in the same 
paper which initially reported ARDS_ (1). 3/ 5 patients treated 
with 5-10 em H2o PEEP survived, compared with 2/7 survivors 
treated with standard mechanical ventilation, and the authors 



29 

thought that PEEP might be beneficial-; however, they made the 
prescient observation that "positive end expiratory pres sure 
merely buys time: unless the underlying process can be 
successfully treated or reversed, the prognosis is grav e." PEEP 
has been in wide use since 1967, and no prospectiv e control l ed 
trials have ever been performed to evaluate its effica cy. PEEP 
improves arterial oxygenation by preventing expiratory collapse 
of alveoli, thus increasing the functional residual capacity. 
Ventilation to previously airless alveoli is restored, resulting 
in a decrease in the amount of intrapulmonary shunt and an 
increase in the Pao2 . The effect of PEEP in reducing 
intrapulmonary shunt is shown graphically on Figure 14, which 
demonstrates a decrease in shunt flow from 29 % to 18% with 12 ern 
PEEP. 
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In clinical use, PEEP should be increased by 5 crnH2o increments 
until a Pa02> 55 rnrnHg can be obtained with an FI02.s_5 0 %. Once 
started, PEEP should never be abruptly discontinued, as a s evere 
fall in PaO may occur (1 84). Contraindica tions to PEEP include 
chronic obs~ructive lung disease, unilateral pulmona ry dise ase , 
preext a nt hypovolemia , pneumothorax , or inc rea sed intrac r a n i al 
pressure (185). 

There is no evidence that PEEP affects the underlying lung 
injury. In an animal ARDS model, no decrease in lung water 
content of PEEP treated animals was noted (186). A retrospectiv e 
analysis of PEEP effect on ·survival has been performed. Seventy­
eight patients were analyzed; 47 received PEEP, and mortality in 
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the PEEP .gr.oup was 69%, similar to th~ 74% mortality of patients 
not rece~v~ng PEEP (187). The rna~n effect of PEEP was to 
increase the mean time to death from 4.2 to 9.2 days. Although . 
the study had flaws, and rigorous ARDS criteria were not used, 
it is interesting that patients not treated with PEEP were more 
ill (more were hypotensive andjor acidotic) than patients 
receiving PEEP and yet the mortality was similar. 

The early use of PEEP (prophylactic PEEP) has been 
recommended by some to prevent the development of ARDS in at risk 
patients. One study of 79 intubated surgical patients reported a 
significant decrease in the incidence of ARDS when at risk 
(septic andjor severely injured) patients received 5 ern H2o 
prophylactic PEEP. ARDS developed in 20% of the prophylact~c 
PEEP patients compared to 53% of control patients, but the 
criteria used to diagnose ARDS were inadequate ( 188) . A more 
recent investigation of the effect of 8crnH 2o prophylactic PEEP 
has been reported by Pepe (189), using correct diagnostic 
criteria for ARDS. A variety of medical and surgical patients at 
risk for ARDS were included. No difference in ARDS incidence, 
ARDS mortality, or time spent on mechanical ventilation was 
noted between patients receiving prophylactic PEEP and those not. 
Thus, the avilable evidence suggests that PEEP is a supportive 
therapy, and should only be used to achieve adequate oxygenation 
with a non-toxic FI02. 

Although PEEP is beneficial when it corrects hypoxemia, a 
number of potentially adverse cardiovascular side effects may 
oc~ur. The positive pressures developed during PEEP are 
transmitted to the pulmonary vessels, the great veins in the 
thorax, and the pericardiac fossae. Animal studies have shown 
that moderate (12 crnH 2o) levels of PEEP increa se the pulmonary 
vascular resistance, decrease transmural right and left 
ventricular filling pressures, and decrease cardiac output. The 
altered hemodynamics could be returned to normal if intravascular 
volume was increased (190). Study of ARDS patients has shown that 
similar alterations in hemodynamics usually occur only at PEEP 
levels of ~ 15 cmH2o, probably because the noncompliant lungs of 
ARDS transmit less of the positive pressure to the pleural space. 
Additionally, in humans PEEP induced increased pulmonary vascular 
resistance is associated with a shift of the interventricular 
septum into the left ventricular cavity, which impairs left 
ventricular filling (191). Because PEEP often decreases cardiac 
output, a fall in systemic oxygen transport, which is the product 
of arterial oxygen content and cardiac output, may occur if PEEP 
causes a greater fall in cardiac output than increase in arterial 
oxygen content (192) Patients receiving PEEP should be observed 
for a fall in systemic oxygen transport, by either serial cardiac 
output determinations or serial measurements of the mixed venous 
oxygen saturation, to detect adverse effects of PEEP on oxygen 
transport. PEEP induced decrements in blood pressure or cardiac 
output usually respond to intravascular volume challenges. 
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Other important goals of ARDS thera py are to avoid volume 
overload and diagnose and treat infections. The lungs of 
patients with increased permeability edema are especia ll y 
sensitiv e to increased hydrostatic pressure. As shown on Figure 
15, even normal pulmonary capillary wedge pres s ures ( PCWP) tend 
to increase the amount of lung water present . For this reason, 
many authorities recommend keeping the PCWP as low as tolera ted. 

FIGURE 15 
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Infection is a major complication of ARDS and contribute s 
substantially to ARDS mortality (vide infra ). Thus, vigorous 
preventive measures should be employed, and clinicians s hould 
have a high index of suspicion for infection when patients 
deteriorate. 

Corticosteriods as Therapy for ARDS 

The use of corticosteriods as therapy, especially as 
preventive therapy, for ARDS has been attractive due to the in 
vitro and in vivo anti-inflammatory effects of steriods (193). In 
a human study of septic patients in respiratory failure , S ibbald 
demonstrated a decreased appearance of r ad iolabeled albumin i n 
BAL fluid when patients received corticosteriods 
(methylprednisolone 30mgjkg Q 6 hr x 4) (193). Two large, 
randomized clinical trials have been performed to investigate the 
use of steriods in septic shock. Both studies entered patients 
within 2 hrs of shock onset, analyzed only patients with positive 
blood cultures, and compared the results of early 
methyprednisolone treatment ( 3 Omgjkg Q 6 hr x 4) to placebo 
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(195, 196). The results of the larger of the two studies (304 
patients) are summarized on Table 13. 

TABLE 1.3 

ARDS in corticosteroid and Placebo 
Treated Septic Shock Patients 

Treatment Grou12 
Steroid Placebo 

N % N 

Incidence of ARDS 50/152 32 38/152 

Recovery from ARDS 15/50 31 23 / 38 

14 Day Mortality 26/ 50 52 8/3 8 

% 

25 

61 

21 

Neither study found that methylprednisolone prevented the 
development of ARDS or improved the outcome of ARDS. Another 
investigator has compared methylprednisolone to a placebo for the 
treatment of patients with established ARDS (196). No difference 
in mortality, chest radiographic improvement, or gas exchange 
could be demonstrated. One of the studies cited found an 
increased incidence of infectious complications in steriod 
treated patients (198), and an increased infection rate has been 
reported in another study of septic shock patients receiving 
similar steroid doses ( 199) . · Since steriods are ineffective in 
preventing sepsis associated ARDS and in treating established 
ARDS, and corticosteriod administration is associated with an 
increased risk of infection, corticosteriods should not be g i ve n 
routinely to ARDS patients. One important exception may be 
patients with multiple long bone/ pelvic fr a ctures, in whom the 
early administration of methylprednisolone reduces the incidence 
of the fat embolism syndrome (200). 

outcome of ARDS 

The prognosis for patients with ARDS is poor, with most 
large series over the past decade reporting a mortality rate of 
from 65-78%. For comparative purposes, the mortality rate in the 
original 1967 series was 58%. Despite the high mortality, 
patients surviving ARDS usually have only minimal impairment of 
pulmonary function. Two studies of survivors have been 
performed. The subjects in both studies were minimally 
symptomatic, 80 % had normal vital capacity, and 50 % had a normal 
diffusion capacity for carbon monoxide (DLCO). Resting Pao 2 was 
normal in 88%, but a decreased Pao2 was noted with exercise in 
70% (201,202). In a follow up report on one group of ARDS 
survivors, three patients were noted to have acquired evidence of 
reactive airways disease (203). Survival with adequate lung 
function, despite the presence of large amounts of fibrosis on 
lung biopsy, has been noted (15). Thus, despite_ prolonged 
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periods of mechanical ventilation, patients can recover with 
minimal impairment. 

Prognostic markers in ARDS have not been extensively 
studied. The negative prognostic importance of a persistently 
elevated pulmonary vascular resistance has been discussed 
previously. Lamy (15) investigated the relationships between lung 
histology (biopsy or autopsy specimens) ,the Pao2 response to 
PEEP, and mortality in 45 consecutive patients. A scoring system 
was devised to quantitate the amount of acute inflammation and 
fibrosi~ present, and patients were divided into three groups, 
based on the. response of their Pao2 to 10 cmH 20 PEEP. The 
findings are summarized on Table 14. 

Table 14 

Patient Group 
I II III 

Response to PEEP* (mmHg) 2+4 15+8 + 68+59 

Acute Inflammation Score 22+5 13+7 18+6 

Fibrosis Score 4±2 9±4 2±2 

Mortality (%) 82 77 50 

* Increase in Pao 2 with 10 cmH 2o PEEP 

+ Delayed increase, requiring 30 minutes 

Group I p~tients had the largest amount of inflammation, a 
minimal response to PEEP, and the highest mortality. Group II 
patients were characterized by a delayed increase in PaO , and 
had the most fibrosis and high mortality. Group III patienis had 
a moderate amount of inflammation, a large Pao2 response to PEEP, 
minimal fibrosis, and the best survival. Springer ( 187) also 
reported that large increases in Pao2 with PEEP were associated 
with an improved survival. A prospective study of prognostic 
factors in 88 ARDS patients has been performed. The influence on 
mortality of a large number of factors present at the time of 
ARDS diagnosis was investigated by a proportional hazards model; 
response of Pa02 to PEEP was not included. Three factors - < 
10 % PMN band forms on the CBC, blood pH <7 . 40 (on mecha nical 
ventilation), and serum HC03 concentrations of <20 mg% - were 
associated with a 2-2.7 excess risk of mortality (204). 

It is becoming increasingly ·evident that death in ARDS 
rarely occurs from respiratory failure per se. PEEP therapy and 
improved intensive care have prevented ARDS patients from early 
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death due to acute respiratory failure, but patients 
subsequently develop complications, particularly infections and 
multiple organ system failure, and die at a later date. Bell 
(205) reported on 141 consecutive ARDS patients, 104 of whom died 
(47 had autopsies). Only 2 of the 104 patients were thought to 
have died from hypoxemia. At ARDS onset, the degree of pulmonary 
impairment and the presence of nonpulmonary organ system failure 
was similar in survivors and nonsurvivors. Non-survivors 
developed multiorgan system failure significantly more often than 
survivors, and multiorgan failure was related to infection, as 
93% of patients with an antemortem infection diagnosis developed 
multiorgan failure, versus 47% of patients without infection. 
Evidence of infection was present in 90%_ of the autopsied 
nonsurvivors, and 40% of autopsies revealed a clinically 
unsuspected infection, usually in the lung, pleural space, or 
abdomen, even though virtually all patients had been treated with 
antibiotics. The difficulty of diagnosing pneumonia a ntemort em 
in ARDS has been previously demonstrated (206). Similar results 
have been reported from Montgomery in a series of 4 7 ARDS 
patients, 32 of whom died (207). In only 16 % was death judged to 
be directly due to respiratory failure. Death frequently occurred 
due to sepsis (34 %), followed by cardiac, central nervous s ystem, 
and hematologic organ system failure. Sepsis, as either a direct 
or contributing cause of death, occurred in 70 %, and a pulmonary 
source of sepsis was present in 75 %. It is obvious from these t wo 
studies that the major obstacle to survival in ARDS today is the 
development of mul tiorgan system failure, precipitated in most 
instances by infection. Thus, it is likely that improvement in 
ARDS outcome will depend heavily on preventing infections in 
these critically ill patients. 
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