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Acute respiratory distress syndrome (ARDS) was first de-
scribed about 30 years ago. Modern definitions and state-
ments have recently been proposed to describe ARDS
accurately, but none is perfect. Diffuse alveolar damage is
the basic pathological pattern most commonly observed in
ARDS, and the term includes permeability edema. The al-
veolar epithelium of the alveolar-capillary barrier is clearly a
key component requiring repair, given its multipotent func-
tional activity. Lung inflammation and neutrophil accumula-
tion are essential markers of disease in ARDS, and a wide
variety of pro- and anti-inflammatory cytokines have been
described in the alveolar fluid and blood of patients. These
molecules still have to prove their value as diagnostic or
prognostic biomarkers of ARDS.

Supportive therapy in ARDS improved in the past decade;
mechanical ventilation with lung protective strategies and
patient positioning are gaining interest, but the indications
for corticosteroids for ARDS are still debated. Nitric oxide
may have a place in the treatment of one-third of patients.

Novel approaches, such as surfactant replacement and liquid
ventilation, may further improve supportive therapy. Innova-
tive interventions may be on the horizon in treatments that
help to resolve or modulate common pathways of ARDS,
such as inflammation (eg, granulocyte-colony stimulating
factor) or epithelial repair (eg, keratinocyte growth factor).

Key Words: Acute lung injury, Corticosteroids, Epithelial repair,

Inflammation, Liquid ventilation, Mechanical ventilation, Neutro-
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Syndrome de détrese respiratoire aiguë de
l’adulter : 30 ans plus tard
RÉSUMÉ : Le syndrome de détresse respiratoire aiguë de
l’adulte (SDRA) a été décrit comme une entité il y a 30 ans.
Plusieurs définitions et mises au point actualisées ont été pro-
posées, mais aucune n’est parfaite. Le dommage alvéolaire
diffus est l’altération pathologique de base observée dans le
SDRA, et inclut un oedème de perméabilité traduisant l’alté-
ration de la barrière alvéolo-capillaire. L’épithélium alvéo-
laire est clairement un composant-clé de cette barrière de par
son activité fonctionnelle pluripotente, et doit être réparé.
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WHAT UNDERLIES ACUTE RESPIRATORY
DISTRESS SYNDROME?

More than 30 years ago, Ashbaugh and coworkers (1,2)

coined the term ‘acute respiratory distress’ to designate acute

hypoxemic respiratory failure due to noncardiogenic pulmo-

nary edema, complicating the course of severe medical or

surgical illnesses. Since then, acute respiratory distress syn-

drome (ARDS) has been recognized worldwide as a rela-

tively frequent complication of a variety of medical and sur-

gical conditions (Table 1), and intensive care practitioners

regularly face this difficult problem in patient care. Conse-

quently, the syndrome has generated intense interest in the

biomedical sciences, and considerable fundamental and

clinical research efforts have been devoted to improve the

understanding of ARDS and how it should be treated. De-

spite these efforts, a satisfactory, unequivocal definition of

the syndrome has not been found (3-6). Criteria used in diag-

nosing ARDS have differed widely in many reports and stud-

ies, resulting in considerable variations in the reported inci-

dence rates (7) and case-fatality ratios (8).

In 1992, a statement proposing clinical criteria for the di-

agnosis of ARDS emerged from the American-European

Consensus Conference on ARDS (EACC), held by the

American Thoracic Society and the European Society of In-

tensive Care Medicine (9,10). This definition of ARDS is an

operational one, based on a set of four simple clinical criteria.

The EACC also proposed criteria defining acute lung injury

(ALI), a similar, but presumably less severe, form of acute

pulmonary injury resulting from identical causes (Table 2).

Although these definitions have the merit of simplicity and

practicality, and should guide the inclusion of patients in

clinical studies of the syndrome, many uncertainties remain

regarding on the fundamental nature of the syndrome and

how to achieve optimal precision in diagnosis (11). Whether

the proposed distinction between ALI and ARDS will be of

significant utility in either patient care or clinical trials also

remains to be demonstrated.

What is ARDS?: ARDS is considered to be “...a syndrome

of inflammation and increased (alveolar-capillary wall) per-

meability...acute in onset and persistent – lasting days to

weeks –...associated with one or more known risk factors...

characterized by arterial hypoxemia...and diffuse pulmonary

infiltrates [resulting from]...injury to the lung epithelium and

the lung endothelium...” (9). Central to this definition of

ARDS is the concept of diffuse alveolar damage (DAD), a

widespread disruption of the alveolocapillary barrier’s in-

tegrity, caused by an acute insult, originating either from the

airways or from the systemic circulation. Type I epithelial

cells (or pneumocytes), which cover more than 90% of the al-

veolar epithelial surface, and type II epithelial cells, which

lie at the corner of distal airspaces, are critical anatomical de-

terminants of alveolar permeability to fluid and proteins

(Figure 1) (12). These cells show the earliest morphological

changes consistent with injury in the lungs of patients with

ARDS. Thus, early injury of sensitive type I epithelial cells
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L’inflammation pulmonaire avec accumulation de polynu-
cléaires neutrophiles est un marqueur essentiel du SDRA, et
une grande variété de cytokines pro- et anti-inflammatoires a
été identifiée dans les liquides alvéolaires et le sang des pa-
tients atteints de SDRA. Ces molécules ont encore à faire la
preuve de leur valeur diagnostique et pronostique comme
biomarqueurs du SDRA. Le traitement de support du SDRA
s’est amélioré depuis 10 ans. La ventilation mécanique avec
stratégie de protection pulmonaire et l’utilisation du procubi-

tus suscitent beaucoup d’intérêts, les indications tardives des
corticostéroïdes dans le SDRA sont encore débattues, le NO a
probablement sa place dans l’algorythme thérapeutique chez
1/3 des patients. Les nouvelles approches comme l’instillation
de surfactant et la ventilation liquide pourraient encore amé-
liorer la thérapie de support. Les interventions innovantes pour-
raient venir de traitements visant à moduler ou mieux combattre
des voies communes à tous les SDRA comme l’inflammation
(eg, G-CSF) ou la réparation épithéliale (eg, KGF).

TABLE 1
Conditions that can provoke acute lung injury and
acute respiratory distress syndrome

Direct pulmonary insults
Aspiration of gastric contents
Pulmonary infections

Viral
Bacterial
Pneumocystis carinii

Near-drowning
Toxic gas or fume inhalation
Pulmonary contusions

Indirect pulmonary insults
Recovery from severe shock
Sepsis from extrapulmonary infections
Severe extrathoracic trauma
Multiple blood transfusions
Severe, extensive burns
Severe pancreatitis
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best accounts for the abrupt increase in permeability of the al-

veolocapillary wall seen in ARDS (13). The loss of barrier

integrity associated with DAD provokes the flooding of alve-

oli with exudative, protein-rich edema and subsequent depo-

sition of proteinacious material (hyaline membranes), the

latter probably being related to the preferential resorption of

water and electrolytes compared with proteins with higher

molecular weights (14).

In some patients, less severe degrees of DAD allow fairly

rapid restoration of normal epithelial function, reabsorption

of pulmonary edema and recovery from respiratory failure

within a few days (15,16). Other patients experience severe

anatomical disruption of the alveolar-capillary interface,

with necrosis of type I epithelial cells and denudation of the

underlying basement membrane. In the severest cases, base-

ment membrane disruption and even complete destruction of

the alveolocapillary wall can lead to alveolar hemorrhage

and can be followed by an intense proliferative response by

type II epithelial cells and fibroblasts with pulmonary fibro-

sis after a few days. This fibroproliferative response pro-

vokes persistent alveolar consolidation, impaired gas

exchange and a severely restrictive pattern on pulmonary

function, even after resolution of the edematous phase

(13,17). Patient dependency on mechanical ventilation can

consequently be prolonged for many weeks or more. Patients

who survive this period of prolonged ventilator dependency
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TABLE 2
American-European Consensus Conference criteria for diagnosing acute lung injury and acute respiratory distress
syndrome (9)

Acute lung injury Acute respiratory distress syndrome

Onset* Acute Acute
Ratio of partial pressure of arterial oxygen to

fraction of inspired oxygen
Less than 300 mmHg Less than 200 mmHg

Aspect of the chest radiograph (frontal view) Bilateral infiltrates Bilateral infiltrates
Pulmonary artery wedge pressure† Less than 18 mmHg Less than 18 mmHg

*The American-European Consensus conference statement gives precise time limits (time lapse between risk factor[s] and onset) that are com-
patible with the term ‘acute’; †If a pulmonary artery catheter is not used, clinical evidence that left atrial hypertension is absent is sufficient. Data
from reference 9

Figure 1) Structural determinants of alveolocapillary wall perme-
ability in the normal human lung. At its thinnest portion, where gas
exchanges occur, the alveolocapillary wall is formed by very thin
cytoplasmic extensions of both the capillary endothelial cell and the
alveolar epithelial cell (type I alveolar epithelial cell [pneumo-
cyte]), resting on each side of a common basement membrane. In-
tegrity of type I alveolar epithelial cells, which cover 95% of the
alveolar surface, is essential to the maintenance of fluid and protein
permeability within physiological limits. These cells are also
uniquely susceptible to injury because of their relatively large sur-
face area and their low self-regenerative capacities. Retraction and
desquamation of type I pneumocytes are the earliest morphological
findings in acute respiratory distress syndrome. A Alveolar lumen;
BM Basement membrane; C Capillary lumen; EC Erythrocytes;
EN Capillary endothelial cell; EP1 Type I epithelial cell; IN Alveo-
lar wall intersitium; J Endothelial cell intercellular junction.
Adapted with permission from reference 12

Figure 2) Representation of the various phases in the evolution of
acute respiratory distress syndrome. Recovery of sufficient gas ex-
change to allow withdrawal from mechanical ventilation is criti-
cally dependent on severity of the initial pulmonary insult. In the
most favourable cases, mild parenchymal damage allows the recov-
ery of sufficient respiratory function within a few days. In the most se-
vere cases, extensive damage provokes an intense fibroproliferative
response that either resolves after many weeks of ventilator depend-
ency or remains unresolved with persistent fibrosis

EN
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demonstrate a slowly progressive improvement in lung me-

chanics and gas exchange, which is presumably due to re-

modelling of the diseased pulmonary parenchyma, with

incorporation of the fibrous tissue in the alveolocapillary

wall, and opening of new, functional alveolar units (Figure

2). Indeed, most survivors of ARDS have remarkably few

long term alterations in respiratory function (18,19).

Can ARDS be diagnosed with satisfactory specificity?
The EACC definition of ARDS does not require the direct

demonstration of either lung inflammation, heightened

alveolar-capillary wall permeability or diffuse damage to al-

veoli. Such requirements are impractical because noninva-

sive and reasonably specific markers of alveolar damage are

not available for clinical use, and histomorphological data

can rarely be obtained in patients with presumed ARDS,

given the risks of proceeding with lung biopsy in these criti-

cally ill patients.

Therefore, as with previous definitions of ARDS, the one

promoted by the EACC rests on conventional clinical criteria

of severe DAD, specifically hypoxemia and diffuse pulmo-

nary infiltrates. These markers have the merit of practicality

but the drawback of imprecision and low specificity (20,21);

hypoxemia and radiographic parenchymal opacities can re-

sult from a great variety of acute or chronic lung ailments un-

related to ARDS (Table 3). The requirement of an acute onset

of respiratory failure and a close temporal relationship (less

than 10 days) (22) with a well defined initiating event is of

key importance in conferring acceptable specificity to the

EACC definition. Although the point may seem trivial, re-

cent clinical studies of ARDS include patients with diagno-

ses such as lymphangitic carcinomatosis (23) and immune

alveolar hemorrhage (24), conditions generally considered to

be outside the spectrum of ARDS.

ARDS is a heterogeneous entity: A wide variety of local-

ized or systemic insults can result in ARDS, most probably

through distinct pathogenetic mechanisms. Although the

clinical manifestations of numerous causes of the syndrome

may be similar, profound clinically relevant differences in

pathophysiology undoubtedly exist. A rational subdivision

of the syndrome based on pathophysiological considerations

would be most useful in devising clinical research strategies

because the different forms of ARDS may not respond

equally to similar therapeutic interventions. For instance,

Pneumocystis carinii pneumonia in acquired immunodefi-

cency syndrome patients, unlike other infectious causes of

ARDS, is remarkable for its excellent response to early sys-

temic corticosteroid therapy (25), which must reflect a

unique sequence of events linking it to ARDS. Unfortu-

nately, in pneumocystis pneumonia, as with other causes of

ARDS, knowledge of the underlying pathophysiology is too

fragmentary to allow a rational classification of the syn-

drome. In the absence of such a classification, clinical studies

evaluating therapies specifically aimed at modifying the

course of ARDS should ideally include patients with similar

causes of lung injury, failing this, a subset of patients re-

sponding to a given form of therapy may escape notice,

masked by groups of nonresponding patients.

PATHOLOGY OF ARDS:
IMPORTANCE OF EDEMA

To understand pulmonary edema, it is useful to consider

the ‘Starling equation’. Although the concepts of fluid ex-

change across vascular walls were indeed enunciated by

Starling in 1896, there is no actual equation in his publica-

tion; rather, subsequent authors and investigators designed

and refined different variants. One frequent version is:

� [( ) ( )]Qf Kf Pmv Pis mv is� � � �� � �

in which �Qf is net fluid filtration rate out of the vasculature

(mL/min), Kf is the fluid filtration coefficient, a measure of

vascular permeability to fluid and vascular surface area (ap-

proximately 0.2 mL/min/100 g/mmHg); Pmv is microvascu-

lar (capillary) pressure (approximately 10 mmHg), Pis is the

interstitial pressure (approximately –5 mmHg), � is the os-
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TABLE 3
Various pulmonary disorders that can mimic acute
respiratory distress syndrome (ARDS)*

� Allergic alveolitis
� Bronchiolitis obliterans organizing pneumonia
� Eosinophilic pneumonia
� Idiopathic interstitial pneumonitis
� Immune alveolar hemorrhage
� Pulmonary vasculitis
� Pulmonary lymphoma
� Lymphangitic carcinomatosis
� Bronchioloalveolar cell carcinoma

*These diseases can produce hypoxemia and radiographic patterns
consistent with American-European Consensus Conference criteria.
In a patient developing hypoxemia and diffuse pulmonary infiltrates,
the absence of exposure to a recognized risk factor for ARDS should
prompt the clinician to consider these alternatvie diagnoses

TABLE 4
Etiologies of permeability edema

Infections

Bacterial
Viral (cytomegalovirus, adenovirus, herpes virus, etc)
Fungal (aspergillus, Pneumocystis carinii, etc)

Inhaled substances

Gases (chorine, nitrogen dioxide, oxygen, phosgene, etc)
Liquids (drowning, aspiration of gastric contents)

Injected or circulating toxins and drugs

Fat embolism syndrome
Anticancer drugs, antibiotics, antiarrythmics

Irradiation

Inflammatory or idiopathic, eg, acute respiratory distress
syndrome associated with sepsis, systemic inflammatory
response syndrome, trauma, etc, and in which specific causes
(listed above in the table) are eliminated

4

G:\CANRESPJ\1999\Vol6No1\lesur.vp
Wed Feb 17 19:52:14 1999

Color profile: Disabled
Composite  Default screen

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100

0

5

25

75

95

100



motic reflection coefficient that determines the relative con-

tribution of the oncotic pressure gradient across the

vasculature to the net driving pressure and is a measure of the

permeability of a given membrane (eg, endothelial) to a

given solute (eg, albumin) (it varies between 0 when the

membrane is totally permeable and 1 when it is impermeable;

in the lung, � is approximately 0.75 to 0.80); �mv is the on-

cotic pressure of the blood in the microvasculature of the

lung (approximately 24 mmHg) and �is is the oncotic pres-

sure in the pulmonary interstitium (approximately

14 mmHg). Edema occurs when Qf rises to a point where the

lymphatics can no longer handle the filtered fluid.

Permeability edema occurs due to increased Kf and/or re-

duced �, and is best classified according to etiology. ARDS

can be defined in a wide sense (26) and encompasses most of

the forms of permeability edema whose etiologies are de-

tailed in Table 4, or in a restrictive sense as the syndrome that

accompanies sepsis, the systemic inflammatory response

syndrome (SIRS) and severe trauma.

The pathological abnormalities of ARDS arise from the

damage inflicted to the lungs and the subsequent cascade of

pathogenetic events, resulting in an elevation of pulmonary

microvascular permeability, and differ substantially from

those observed in hydrostatic edema (Table 5). The altera-

tions in ARDS can be divided into those general to ARDS

and several forms of permeability edema, and those reflect-

ing a specific etiology. As indicated above, the general al-

terations are encompassed by the term DAD, and are

separated into acute exudative and chronic proliferative

phases (26-29).

In the acute phase, the lungs are heavy (at least twice nor-

mal), red and indurated, with frequent secondary findings

such as pneumonia and thromboemboli. By light micros-

copy, there is prominent protein-rich alveolar edema forming

‘hyaline membranes’, mainly composed of necrotic type I

epithelial cells, fibrin and other plasma proteins that line al-

veoli, alveolar ducts and respiratory bronchioles (Figure 3).

Interstitial edema is also seen, although it is often less promi-

nent than in hydrostatic edema, primarily because the alveo-

lar phase predominates or occurs more rapidly due to the

epithelial damage (30). By electron microscopy, there is

blebbing and damage to endothelial and epithelial cells, and

Can Respir J Vol 6 No 1 January/February 1999 75
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Figure 3) Photomicrograph of exudative stage of acute respiratory
distress syndrome (three to 10 days) with hyaline membranes lin-
ing the alveolar duct and alveoli. There are also traces of prote-
inaceous edema fluid in the centre of the alveoli. Hematoxylin and
eosin, original magnification ×100

TABLE 5
Contrasting pathobiology of hydrostatic pulmonary edema and acute respiratory distress syndrome (ARDS)

Parameter Hydrostatic edema Permeability edema (ARDS)

Etiology and pathogenesis Elevated microvascular pressure, normal
endothelial epithelium

Elevated microvascular permeability due to
damage of endothelium and epithelium by
cytokines, neutrophils, etc

Fluid protein content Low versus plasma, due to sieving High, with fibrin

Sequence of fluid accumulation Orderly: congestion, interstitial edema, then
alveolar edema

Prominent alveolar flooding, less interstitial
edema

Macroscopy/radiography Perihilar edema, frothy Consolidated, diffuse with or without
pneumonia, emboli

Light microscopy Prominent congestion, less alveolar edema
(low protein)

Hyaline membranes, thick alveolar edema
inflammatory cells, with or without emboli

Electron microscopy Normal endothelium, epithelium Endothelial and epithelial blebbing, disruption,
inflammatory cells in interstitium

Chronic effects Very mild fibrosis and ‘brown induration’ Can lead to severe diffuse pulmonary fibrosis

Figure 4) Medium power photomicrograph of proliferative stage of
acute respiratory distress syndrome (two to three weeks) with
obliteration of the structure of the lung, replaced by rearranged
airspaces separated by granulation tissue and fibrosis.
Hematoxylin and eosin, original magnification ×100
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neutrophils, erythrocytes and platelets are frequently seen

between them entering the interstitium (13).

In the chronic proliferative phase (about five to seven

days and beyond), if resolution has not occurred, the macro-

scopic picture of pulmonary fibrosis ensues, with reorganiza-

tion of alveoli into large spaces separated by indurated, dense

connective tissue; when advanced, a ‘honeycomb’ pattern re-

sults in which the reorganized spaces are 3 to 12 mm in di-

ameter, and visible on chest radiographs and on high resolu-

tion computed tomographic (CT) scan (Figure 4). By light

microscopy, there is destruction and collapse of normal alve-

oli, replaced by larger simplified spaces lined by hyperplastic

type II epithelial cells and separated by thick walls of con-

nective tissue with fibroblasts, collagen, extracellular matrix

and inflammatory cells (Figure 5).

In addition to these general pathological alterations of

DAD in ARDS, several of the etiologies of permeability

edema have more specific, recognizable changes upon mi-

croscopic examination or by other methods. For example, in

the infectious causes, bacterial pneumomias that cause a pic-

ture of ARDS are identifiable by culture; Pneumocystis car-

inii is visualized by light microscopy of bronchoalveolar

lavage fluid or lung biopsies using the silver methenamine

stain. In aspiration pneumonia, the aspirated material can be

identified by light microscopy and is frequently associated

with a foreign body giant cell reaction. In fat embolism, fat

globules are seen in capillaries, giving them an empty ap-

pearance devoid of erythrocytes. Some of the drug reactions

may also produce specific changes, eg, following amiodarone

in which numerous foamy macrophages fill the alveoli.

Mechanical ventilation, with or without positive end-

expiratory pressure (PEEP), appears to reduce alveolar

edema and ameliorate gas exchange by at least two mecha-

nisms, the first by opening and maintaining open the alveoli,

and the second by redistributing the liquid from the alveolar

spaces to the interstitium (31-33). Nevertheless, mechanical

ventilation has significant disadvantages, particularly when

large volumes of air are used; several studies have shown that

the latter produces significant injury to pulmonary endothe-

lial cells, with resulting permeability edema (34).

ARDS is an important cause of permeability pulmonary

edema with both specific and nonspecific etiologies, some of

which are readily recognized by pathological examination.

One of the factors associated with a poor prognosis in ARDS

is the progression to the proliferative stage resulting in dif-

fuse pulmonary fibrosis, and one of the challenges is to iden-

tify the mediators and determinants resulting in this ominous

complication. Among factors that determine whether ARDS

resolves or progresses to fibrosis is whether the alveolar

basement membrane is damaged (35,36). One study showed

that the laminin in this basement membrane disappears first

in ARDS, whereas 7S and type IV collagen disappear later in

the exudative phase, reappearing in the proliferative phase

(37). Thus, continued investigation of the cellular and mo-

lecular events that mediate this progression, particularly in

humans, is important.

EPITHELIAL ALTERATION AND REPAIR IN ARDS:
A KEY ISSUE

As indicated above, the pathology of ALI is characterized

by DAD, separated into an ‘exudative phase’ characterized

by extensive epithelial and endothelial injury, inflammation,

edema, and the accumulation of fibrinous exudates in air-

spaces. Subsequently either complete restoration or a ‘proli-

ferative/organizing phase’ characterized by alveolar and

bronchiolar epithelial cell regeneration, and varying degrees

of intra-alveolar or interstitial fibrosis (25-28) occur.

Most research into ALI and ARDS has addressed mecha-

nisms of lung injury with much less emphasis on the repara-

tive processes. However, the balance between the rate and

quality of epithelial repopulation and the extent of fibrosis is

a major factor that determines the outcome in ALI, as out-

lined in the works of Adamson et al (38-40), and recently re-

viewed by Berthiaume and Lesur (41). Although alveolar

and vascular spaces are the most recognized and studied tar-

gets of ALI because of the direct impact of noxious agents on

76 Can Respir J Vol 6 No 1 January/February 1999
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Figure 5) Higher power photomicrograph of same proliferative
stage of acute respiratory distress syndrome showing alveolar
spaces lined by proliferating type II epithelial cells (pneumocytes),
separated by fibrosis with proliferating fibroblasts. Hematoxylin
and eosin, original magnification ×250

Figure 6) Hypertrophic, hyperpastic and cuboidal metaplasic
epithelial cells in a lung distal airspace of organizing phase of acute
respiratory distress syndrome. Masson’s trichrome, original mag-
nification ×400
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gas exchange, small airways from the respiratory bronchioles

to alveolar ducts are almost constantly altered as well. Hyper-

trophic and hyperplastic alveolar type II epithelial cells, to-

gether with metaplasic cuboidal or columnar cells, and a

prominent fibrosis are generally observed in the organizing

phase of ALI, producing the typical honeycomb pattern (Fig-

ure 6). The stem cells producing these metaplastic epithelial

alterations, although still debated, may orginate from type II

epithelial cells or migrating distal respiratory bronchiolar

cells (hence the term ‘alveolar bronchiolization’) (42).

Critical molecular events involved in the control and opti-

mization of lung repair are not completely identified. How-

ever, the major steps necessary for recovery to occur are the

removal of cell debris, fibrin degradation products and edema;

repair of the basement membrane; control of fibroblast migra-

tion, growth and collagen production; re-establishment of the

air-blood interface; and stabilization of surfactant metabo-

lism. Complete re-establishment of the alveolar side of the

air-blood interface requires that type II epithelial cells mi-

grate and proliferate rapidly, but also that they differentiate

into type I epithelial cells to restore a phenotypically pre-

served normal distal airspace epithelium and control apopto-

sis (or programmed cell death) (41,43).

ALI can simply resolve with specific treatments (eg, anti-

biotics), but when the criteria of ARDS (which are broad and

controversial as discussed above) are met, its mortality can

reach as much as 40% to 60%, with about 70,000 to 125,000

North Americans dying from it each year (44,45). These fig-

ures are extremely disappointing in view of 30 years of im-

proved supporting treatments in intensive care units (ICUs)

and despite a better understanding of risk factors. During the

Can Respir J Vol 6 No 1 January/February 1999 77
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Figure 7) Higher magnification of Figure 6 focusing on distal
epithelial alterations in acute respiratory distress syndrome. Of
note, associated features of knobby, hypertrophic, hyperplastic (see
diploid cell �), evidently metaplastic epithelial cells in the air-
space. Some of these cells are shed from basal membrane (� ) and
apoptotic processes are ongoing in others (�). Masson’s trichrome
×1000

Figure 8) Cross-talking pluripotent alveolar epithelial cell in the deep lung. C5aR Complement 5a receptor; CINC Cytokine-induced neutro-
phil chemoattractant; EGF Epidermal growth factor; ENA Epithelial-derived neutrophil activation factor; �cR Gamma chain receptor;
GC Glucocorticoid; GM-CSF Granulocyte macrophage-colony stimulating factor; GROs Growth-related proteins; HGFR Hepatocyte growth
factor receptor; ICAM-1 Intercellular adhesion molecule-1; IFN-�R Interferon-gamma receptor; IGF-IIR insuline growth factor-II receptor;
IL Interleukin; LFA Lymphocyte function associated antigen; MCP Monocyte chemotactic protein; MHC Major histocompatibility complex;
MIP Macrophage inflammatory protein; PAF Platelet activating factor; PDGF Platelet-derived growth factor; PG Prostoglandins; R Recep-
tor; RANTES Regulated on activation normal T expressed and secreted; SLPI Secretory leukocyte protease inhibitor; SP Surfactant-
associated proteins; TGF Transforming growth factor; TNF Tumour necrosis factor; uPA R Urokinase plasminogen activator receptor;
VEGF Vascular endothelial growth factor
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past decade, several large multicentre studies aimed at identi-

fying the prognostic factors of ARDS have been published. It

is clear, however, that apart from avoiding already known

risk factors whenever possible, no definite effective predic-

tive factors have been recognized (46).

Restitution of an intact alveolar epithelium is certainly a

first-line approach in repair following lung injury. Adamson

et al (38-40) have stressed this issue in the past 25 years and

have clearly demonstrated that restoration of epithelial-

mesenchymal interactions is crucial to ensure healing with-

out fibrosis. Epithelial repair includes several events such as

adhesion, spreading, migration, proliferation and differentia-

tion (Figure 7). These activities must be properly timed and

coordinated to allow restoration before fibrosis and irreversi-

ble epithelial metaplasia take place, as observed in interstital

pulmonary fibrosis (41).

The alveolar epithelium exhibits numerous functions that

must be restored following ARDS for the lung to recover. It

exchanges gas and liquids with the blood stream and generates

surfactant that reduces surface tension. It is also anti-

inflammatory and immunosuppressive. It clears the airspaces

of water and electrolytes by expressing several pumps, such as

aquaporins, epithelial sodium channels and sodium-

potassium-ATPase. It is a scavenger of fibrin and a major

producer of antioxidants and protease inhibitors. It is a cellu-

lar target for complex but essential cross-talk (Figure 8). The

environmental requirement to promote resurfacing and re-

pair in ARDS is composed of provisional matrix containing

basal membrane material, and the alveolar epithelium must

interact with it by synthesizing its own proteins and by ex-

pressing a large panel of specific integrins (Figure 8).

Several cytokines are major promoters of epithelial repair

in the lung. Heparin sulphate-binding proteins (eg, epidermal

growth factor-tumour growth factor [TGF], keratinocyte

growth factor [KGF], human growth factor and acidic fibro-

blast growth factor are paracrine fibroblast-derived polypep-

tides capable of supporting proliferation and migration/adhe-

sion of alveolar epithelial cells (47). TGF�s are important

regulators (46) and platelet-derived growth factor is the puta-

tive but potentially harmful modulator of wound healing in

view of its role in pulmonary fibrosis (48-50). The lymphoki-

nes and monokines interleukin (IL)-2, IL-15, interferon-

gamma and related molecules may have a heretofore unsus-

pected role in epithelial repair by promoting migration and

controlling apoptosis (51,52).

Treatment of ARDS aimed at improving epithelial repair

is possible by delivering cytokines either in situ or systemi-

cally or by a combination of both. Clearly, additional experi-

mental data are required before planning clinical trials, but

this issue may be resolved in the near future.

INFLAMMATION AND NEUTROPHILS IN ARDS:
A TWO-EDGED SWORD

At the beginning of the 1980s, neutrophils were thought to

play a central role in lung injury, particularly following their

activation by the complement system and/or by arachidonic

acid derivatives, such as protaglandins, thromboxanes and

leukotrienes. Morphological studies from patients dying

from ARDS demonstrated that neutrophils were present in

the lower respiratory tract, adhering to endothelium, invad-

ing the interstitium and filling the alveoli. Animal models of

ALI have also implicated the neutrophil as an important

player, with some studies showing that drug-induced neutro-

penia decreased its severity. However, studies on humans

seeking specific markers of severity or prognosis (that may

or not involve neutrophils) in the serum or plasma of patients

at risk of or suffering from ARDS were frequently disap-

pointing. Bronchoalveolar lavage (BAL), by providing direct

access to distal airspaces, has significantly facilitated prog-

ress in the understanding of the natural history of ARDS.

In 1986, Weiland et al (53) observed that in 11 patients,

studied within 24 h of ICU admission with ARDS, neutro-

phils comprised 67% of the cells in BAL fluid, whereas in

mechanically ventilated patients without ARDS or in normal

volunteers, they accounted for only 4% and 0.8%, respec-

tively. Neutrophil counts were also positively correlated with

the protein levels in BAL fluid and the severity of gas ex-

change abnormalities. To emphasize the role of these cells

further, Weiland et al (53) reported that BAL fluid contained

significant levels of neutrophil enzymes such as elastase (al-

though inactivated by binding to alpha1-antiproteinase in-

hibitor) and especially myeloperoxidase. In contrast, Fowler

et al (54) reported that patients with sepsis or aspiration who

were at risk to develop ARDS but failed to meet its crite-

ria,had BAL fluid neutrophil counts similar to those with true

ARDS. This observation has been confirmed by others. In

1994, Steinberg et al (55) studied the evolution of different

cell populations in BAL fluids in 125 ARDS patients sam-

pled on days 3, 7 and 14 after the onset of ARDS. This study

distinguished ARDS following sepsis, major trauma or other

causes such as aspiration, multiple transfusion or drug over-

dose. A significantly greater and more sustained neutrophil

count was observed in patients who died than in those who

survived, especially in the septic group. Moreover, it is note-

worthy that in all these groups of patients, survivors exhib-

ited a progressive rise in the number of macrophages,

whether expressed as a percentage or in absolute numbers;

on day 14 of their course, their macrophage levels were

higher in survivors than in nonsurvivors. The question arises

whether these cells play a beneficial role in the resolution of

ALI. This possibility must be balanced against the notion that

these cells are also believed to act as first responders and as

producers of proinflammatory cytokines. This issue remains

unresolved.

To account for the invasion of the alveolar space by neu-

trophils, chemoattractive agents have been sought. IL-8 pro-

duced by several cell types including macrophages, neutro-

phils, fibroblasts and endothelial cells is one of the most

potent chemoattractants for neutrophils. In 1992, Miller et al

(56) studied 19 patients with ARDS and found that those who

died had significantly higher IL-8 concentrations in their

BAL fluids than the survivors, and that there was a correla-

tion between the percentage of neutrophils in the BAL fluid

and IL-8 concentration. However, Jorens et al (57), also in
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1992, reported that IL-8 levels in BAL fluids in 15 ARDS pa-

tients were not statistically different from those obtained in

BAL fluids from patients after cardiac surgery who did not

go on to develop ARDS. In 1996, Miller et al (58) showed

that IL-8 levels were statistically higher in BAL specimens

from septic ARDS patients than in those from ARDS patients

without sepsis. The role of other chemoattractant molecules

has also been investigated. Goodman et al (59) studied the re-

lationship between BAL fluid cell population and the con-

centration of two neutrophil chemoattractants: IL-8; the

epithelial cell-derived neutrophil activator-78; and two po-

tent monocyte chemoattractants, monocyte chemomonocyte

chemotactic peptidetactic peptide (MCP-1) and macrophage

inflammatory peptide 1. All these cytokines were signifi-

cantly increased regardless of the duration of ARDS. The

amounts of the two neutrophil attractants were independently

correlated with neutrophil counts but not with outcome,

whereas only MCP-1 was directly correlated with a lung in-

jury score on days 7, 14 and 21. In another study to document

the activation of neutrophils, Chollet-Martin et al (60) ob-

served that P selectins and beta2 integrins were present in

greater abundance on the surface of neutrophils isolated from

BAL fluid of patients with ARDS than of those with pneumo-

nia.

In addition to these substances, other proinflammatory cy-

tokines have been studied including tumour necrosis fac-

tor-alpha (TNF�) and IL-1�, both released very early in

response to the insult triggering the inflammatory reaction,

and are thought to play a prominent role, particularly in sep-

sis. Following a study by Suter et al (61) showing increased

levels of TNF� and IL-1� in BAL fluids from ARDS pa-

tients, Pugin et al (62) reported in 1996 that 77% of patients

meeting ARDS criteria had BAL fluids with proinflamma-

tory activity that was maximal within the three first days of

onset of the syndrome, and that was attributable mainly to

IL-1� and not to TNF�. It is interesting to link this observa-

tion with that of Goodman et al (59), who found a significant

positive correlation between IL-1� levels in BAL fluids and

mortality. Also noteworthy is the observation of Jacobs et al

(63), who demonstrated that alveolar macrophages from pa-

tients with ARDS release much more IL-1� than alveolar

macrophages from normal volunteers or from patients suffer-

ing from pneumonia. To complete the picture, Donnelly et al

(64), recently showed that low levels of the IL-1 receptor an-

tagonist (IL-1RA) in BAL fluids from ARDS patients corre-

lated with a poor prognosis. All of the aforementioned data

emphasize the role of IL-1� in the pathogenesis of ARDS. In-

terestingly, it has been recognized that the release of these

cytokines (TNF�, IL-1�� IL-8) is controlled by a common

pathway because Schwartz et al (65) showed that nuclear fac-

tor kappa B, which is a major transcriptional regulator of

these cytokines, is activated in alveolar macrophages from

ARDS patients.

Consider molecules that can damage pulmonary architec-

ture. Neutrophils are capable of releasing enzymes and oxy-

gen radicals that result in membrane peroxydation. Myelo-

peroxidase and elastase are two neutrophil-derived enzymes

whose levels in BAL fluids correlate with the extent of lung

injury. However, much interest has been generated by metal-

loproteinases that can degrade basement membranes, whose

destruction precludes the regeneration of a normal epithe-

lium and leads to the proliferation of fibroblasts, culminating

in the fibrosis described above. Torii et al (66) described two

forms of metalloproteinase in BAL fluids, one originating

from neutrophils, while Ricou et al (67) looked for the pres-

ence of a specific gelatinase and of its inhibitor, tissue inhibi-

tor of metalloproteinase 1. In this last study, the authors dis-

tinguished rapidly resolving ARDS (lasting for less than five

days) from long lasting ARDS (more than 15 days). In the

latter, the gelatinase to inhibitor ratio remained high in BAL

fluids.

What are mechanisms involved in the persistence of the

inflammatory reaction? Is it the intensity or the duration of

the original insult? Do nosocomial infections play a major

role in perpetuating the inflammatory stimulus? In regard to

these questions, Donnelly et al (68) recently reported the pres-

ence of the migration inhibitory factor produced by macro-

phages in BAL fluids, which favours the production of

proinflammatory cytokines and inhibits the anti-inflammatory

action of corticosteroids. The presence of sustained increased

levels of these proinflammatory cytokines in fatal ARDS was

indeed emphasized by Meduri et al (69). In keeping with this

observation of an altered balance between proinflammatory

and anti-inflammatory cytokines in ARDS, Donnelly et al

(64) observed that low concentrations of anti-inflammatory

cytokines such as IL-10 were linked closely to a poor progno-

sis.

Are these neutrophils always injurious and ‘bad’ cells in

ARDS? There have been proposals to use granulocyte-

colony-stimulating factor (G-CSF) in infected non-neutro-

penic patients to improve organ recovery, prevent ARDS and

increase survival (69). G-CSF dramatically enhances neutro-

phil recruitment and targets their defence capabilities to dam-

aged organs, clearing debris and restoring function (69).

Further support for this concept is the significant reduction in

the incidence of ARDS in patients with community-acquired

pneumonia receiving G-CSF (70,71). Whether G-CSF can

improve the course of evolving ARDS remains to be deter-

mined.

Many inflammatory mediators and antagonists have been

shown to be involved in the pathogenesis of ARDS. Further

studies, however, are required to identify which of these are

key mediators, and to relate them to survival, allowing physi-

cians to fine-tune the therapeutic approaches.

THERAPEUTIC MODALITIES IN ARDS: REACHING
A CONSENSUS AND BEING INNOVATIVE

When evaluating treatments, it is important to recognize

the trend towards decreased mortality from ARDS. Retro-

spective or prospective trials and studies, whether in North

America or in Europe, show that the mortality of ARDS

ranged from 40% to 60% in the past decade. This is generally

lower than the dismal values reported in the late 1970s and

early 1980s (72-74). This fall in mortality is not ascribed to
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any one specific change in therapy but rather is thought to re-

flect a general improvement in patient care. As the mortality

rate of ARDS continues to decline, the demonstration of im-

proved survival from any single therapeutic modality will

prove more difficult, requiring studies with large numbers of

patients in well designed multicentre trials, and probably

added reliance on meta-analyses to identify their success or

failure.

Mechanical ventilation: In the past decade, barotrauma has

moved to the forefront of the complications of mechanical

ventilation, possibly being “worse than the disease” accord-

ing to some authors (75-78). In trying to move the under-

standing of this problem from bench to bedside, numerous

investigators have ascertained that lung damage by baro-

trauma occurs in several animal models, and they have at-

tempted to translate this into decreased morbidity and

mortality in ARDS patients using a variety of ‘lung protec-

tive’ strategies (75-78). To date, however, unequivocal dem-

onstration that lung damage can result from barotrauma

secondary to mechanical ventilation in ARDS patients re-

mains to be proven (77).

Animal studies have elegantly shown that high peak air-

way and transpulmonary pressures and volumes cause sev-

eral side effects related to barotrauma, including a decrease

in functional surfactant activity, increases in alveolocapillary

barrier permeability, histological evidence of DAD, capillary

stress failure from overdistention and alveolar shear stress

from excessive changes in alveolar volume. Because, in

many of these studies, peak inspiratory pressures leading to

alveolar damage exceeded 40 cm H2O and were obtained

with variable tidal volumes (10 to 45 mL/kg) in the face of

normal or reduced pulmonary parenchymal compliance,

strategies to ‘protect; the lung were devised, recommending

pressure and volume limitations as well as tolerance to any

resulting hypercapnia. These strategies seemed particularly

indicated because studies using CT scans showed that the

lungs of patients with ARDS were densely infiltrated in their

dependent portions (Figure 9), leaving ‘baby lungs’ to be re-

cruited by mechanical ventilation and hinting that the mark-

edly reduced volume would be overdistended by a conven-

tional volume-controlled ventilation (79). Thus, using either

volume or pressure-controlled mechanical ventilation, the

current trend is to limit peak pressures to 40 cm H2O, plateau

pressures to 35 cm H2O and transpulmonary pressures to 30

cm H2O by reducing tidal volumes to 5 to 10 mL/kg and, in

doing so, tolerating PaCO2 values in the 80 to 100 mmHg

range with pH values of 7.0 to 7.20, with or without bicar-

bonate supplementation (80,81). Contraindications to per-

missive hypercapnia include intracranial hypertension and

cardiac disease. Permissive hypercapnia, however, may not

be as innocuous as initially believed, in view of a recent

study showing that morbidity seemed to parallel increasing

PaCO2 values (82). In addition, care should be taken to en-

sure that increased intrathoracic pressures are not the result

of decreased chest wall and abdominal compliance before

recommending that peak or plateau pressures not to be ex-

ceeded (83). Following a review of the results of pressure

limitation studies during mechanical ventilation in ARDS, it

is not yet possible to prove a uniformly recognized decrease

in mortality with this ventilatory mode (24,82-84). Indeed, in

these studies, dissimilar study designs with different goals

can explain most of diverging results, and pressure limitation

is no longer compared with volume-controlled ventilation

(irrespective of resulting pressures) but with a variety of dif-

fering volume control groups.

Many of the basic ventilatory strategies in ARDS patients

remain unchanged, being considered standard therapy with-

out having been formally tested, and including the use of sup-

plemental oxygen, PEEP and mechanical ventilation (9). It is

still recommended that arterial oxygen saturation be main-

tained above 90% using the least amount of PEEP, titrating it

to the lowest amount of pulmonary venous shunting, while

maintaining an adequate oxygen transport or an optimal

pressure-volume relationship (9,85-87). Whether PEEP is ti-

trated to maintain an adequate venous return and cardiac out-

put or adjusted to the lower inflexion point of the pressure-

volume curve, either method often yields values in a similar

range (24). Overall, there is no consensus in the choice

among volume-controlled ventilation in an assist-control

mode instead of the intermittent-mandatory ventilation mode

supplemented or not by pressure support; pressure support

alone; and pressure control with or without inverse-ratio ven-

tilation.

Finally, extracorporeal carbon dioxide removal is still

considered an experimental technique. After showing an in-

crease in survival without being compared with a control

group, it failed to do so in a more rigorously designed study

(88,89). Retrospectively, these authors were promoting pro-

tective lung strategies by today’s criteria, with the exception

that carbon dioxide normalization was then considered a

therapeutic goal in an era soon to be followed by permissive

hypercapnia.

In summary, because maintaining oxygenation is the gold
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Figure 9) Heterogeneity and predominance of infiltrates in depend-
ant regions in acute respiratory distress syndrome as assessed by
computed tomography
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standard, the level of tolerable carbon dioxide and how to at-

tain it, ie, whether by pressure- or volume-controlled ventila-

tion, remain to be determined. Lung damage by barotrauma

as a side effect of obtaining the desired oxygenation or car-

bon dioxide elimination is a feared iatrogenic consequence of

an already severe form of acute lung injury.

Patient positioning: It has been shown by many groups us-

ing CT that lung infiltrates in ARDS are not uniformly dis-

tributed (90), the dependent portions of the lung being more

densely infiltrated in supine patients, and these densities be-

coming redistributed in the prone position. Studies in animals

have shown that prone positioning enabled the generation of

sufficient transpulmonary pressures to reopen pathologically

closed dorsal lung units, leading to better ventilation to perfu-

sion (V:Q) ratios (91). Human studies have confirmed that

the calculated compliance of the respiratory system is re-

duced in the prone position, that V:Q matching is improved

and that shunt decreases (92). These beneficial effects on

oxygenation seem to last as long as patients are kept prone,

but are lost when patients resume the supine position. Few

randomized, controlled studies exist on the usefulness of the

prone positioning and the prediction of which patients will

respond; in addition, the question of whether nitric oxide or

almitrine have added benefit remains unproven (93,94). Al-

though putting patients in the prone position can be cumber-

some from a nursing point of view, some units have

nonetheless use this technique simultaneously with extracor-

poreal carbon dioxide removal (74). A therapeutic algorithm

of when and how to use this position, however, remains to be

determined, although several groups already select it ‘conve-

ntionally’ early after the onset of ARDS.

Fluid management: Over the past 15 years, clinicians have

gone from inducing hypovolemia, to the extent of requiring

pressure support by using diuretics or continuous veno-

venous hemofiltration, to avoiding hypervolemia while

maintaining an appropriate oxygen transport. To put it sim-

ply, it was hoped that by drying up the patients, the lung

would also dry up. Later, it became evident that ARDS was

the pulmonary manifestation of systemic endothelial injury

with increased capillary permeability. In one frequently cited

prospective study, survivors lost weight at 14 days while

nonsurvivors gained weight, the average difference being

10 kg between the two groups (95). The easy conclusion was

that excess fluid loss by diuretics might improve survival in

ARDS patients by drying the lungs. This simplistic view was

coloured by the idea that fluid requirements were probably

larger in nonsurvivors, reflecting their greater degree of cap-

illary leak and necessitating positive fluid balances to main-

tain adequate tissue perfusion. A retrospective study showed

that, of two groups of patients treated with similar PEEP and

oxygen concentrations, the ones with lower pulmonary capil-

lary wedge pressures (PCWP) values (by only 6 mmHg) had

better survival rates (96). In another study, negative fluid bal-

ance, whether determined by PCWP or extra-vascular lung

water measurements, correlated with a shorter ICU stay but

similar mortality (97). Pulmonary gas exchange has also been

shown to be improved by continuous veno-venous hemofiltra-

tion being added to diuretic therapy, even though it acts in a

very different manner (98).

It is worth emphasizing that it is not appropriate to attempt

to dry the lungs of patients who are very sick, with unstable

hemodynamics and leaky capillaries, because they do not tol-

erate fluid restriction or fluid depletion. Moreover, inotropic

or vasopressor support has not been shown to benefit these

patients when trying to attain a negative fluid balance or to

optimize oxygen transport or consumption (85-87). Any at-

tentive clinician will recognize that patients tell him or her

when they need their “tank to be filled”, and subsequently,

when fluid can be restricted or retrieved in various ways. The

application of inappropriate generalized therapies that do not

serve the individual patient must be avoided, and weight gain

or loss should be used as a marker of disease severity and

prognosis rather than as a stimulus to prescribe diuretics to

those with ARDS.

Corticosteroids: According to older, apparently well estab-

lished studies, corticosteroids were not recommended for the

prophylaxis or early treatment of ARDS. Renewed interest in

this therapeutic modality stems from their purported benefi-

cial effect on mortality when administered in the late fibro-

proliferative phase; this application is being evaluated in a

prospective multicentre trial (87). If, as reported by some

European investigators (99), the development of pulmonary

fibrosis accounts for high mortality rates in ARDS, it is pos-

sible that steroids may lower these rates by halting the in-

flammatory processes leading to fibrosis. Indeed, significant

improvements in mortality from ARDS have been described

with corticosteroids prescribed in the late fibroproliferative

phase in observational and pilot studies, and recently in a ran-

domized controlled trial (100-102). Patients in the observa-

tional group, in which favourable results were obtained,

survived the initial insult, were free of infection before the

use of steroids and showed active pulmonary inflammation

by gallium scanning (100). Improvement in pulmonary func-

tion and survival rates, and a reduction in the secondary side

effects and predictors of early or late response have been de-

scribed in a pilot study of steroid treatment in the so-called

late fibroproliferative phase of ARDS (101). Nevertheless,

the appropriate indications and contraindications, dosing,

timing, length of administration, and, most important, effec-

tiveness of this therapy need to be established by the ongoing

multicentre trial in late ARDS. Widespread use must await

these trial results because of the obvious risks associated with

this medication of yet unproven benefits.

Nitric oxide: Nitric oxide is a gas produced by most cells in

different organ systems. The enzyme nitric oxide synthase

(NOS) transforms L-arginine to nitric oxide and L-citrulline

in the presence of two cosubstrates (oxygen and NADPH)

and several cofactors (103). There are three main types of

NOS: two constitutive forms, one present mainly in endothe-

lial cells (eNOS isozyme) (104) and the other in neurones or

muscular cells (nNOS isozyme) (105), both calcium-

dependent and producing picomoles of nitric oxide following

chemical or physical stimulation. The third is inducible NOS

(iNOS) (106), which can be induced in several cells follow-
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ing stimulation by several cytokines. iNOS is calcium inde-

pendent and produces nitric oxide in the nanomolar range.

Nitric oxide plays several important roles, with its main

transduction signal being the activation of soluble guanylate

cyclase producing cGMP.

Patients with severe ARDS are hypoxemic and exhibit

pulmonary hypertension, usually in the setting of SIRS. A

major and established activity of inhaled nitric oxide is that it

acts as a pulmonary vasodilator, and has been shown to re-

duce pulmonary shunting in ARDS by improving ventilation

to perfusion matching and oxygenation by selectively dilat-

ing that fraction of the pulmonary vasculature exposed to al-

veolar ventilation. Its effects on pulmonary artery pressures

are nonetheless usually modest (107). Nitric oxide lacks the

deleterious effects of systemically administered vasodila-

tors, including hypotension, reducing hypoxic pulmonary

vasoconstriction and further increasing shunting (107). An

interesting and recent development is that nitric oxide may

not be as locally selective as expected and seems to exhibit

some extrapulmonary effects, especially on renal hemody-

namics (108,109).

Concentrations of inhaled nitric oxide used in clinical

studies have varied greatly, from a few hundred parts/billion

to several 10s of parts/million. To determine an ‘ideal’ con-

centration Troncy et al (110), in a prospective randomized

study of medical and surgical patients with severe ARDS,

measured the daily optimal inhaled nitric oxide concentra-

tions, defined as the minimal concentration with the greatest

effect on PaO2 (110). They found that an average of 5.5

parts/million was associated with an immediate effect on

PaO2. There was a trend towards a reduction of mechanical

ventilation length in the nitric oxide-treated group, but mor-

tality rates were similar in both. About 30% of patients were

‘responders’ to inhaled nitric oxide treatment, with an in-

crease in PaO2 not exceeding 20%. These patients are com-

monly classified as nonresponders in the literature and are

most often in sepsis. The prognosis was also worse in nonre-

sponders to inhaled nitric oxide than in responders (110). The

lack of an effect of inhaled nitric oxide on the mortality of

ARDS in this study of Troncy et al (110) could be explained

by a number of factors: the inclusion of too few patients, the

fact that most patients (two of three) suffered from sepsis-

induced ARDS, with ARDS being a systemic process, and

that most of the patients died from multiple organ dysfunc-

tion syndrome (MODS), not from intractable respiratory fail-

ure, and the initial improvement in pulmonary function with

inhaled nitric oxide being unsustained.

The usefulness of nitric oxide in ARDS may be to de-

crease requirements for PEEP and high oxygen concentra-

tions, but an effect on the reduction of mortality in ARDS has

yet to be demonstrated (110,111). Recently, even the ability

of inhaled nitric oxide to improve oxygenation in ARDS has

been questioned in a randomized, controlled clinical trial

(112). In Europe, nitric oxide is widely used by many groups,

particularly in combination with almitrine bismesylate, an

enhancer of hypoxic pulmonary vasoconstriction, or with the

prone position, to improve oxygenation (94,113). Phos-

phodiesterase V inhibitors, such as zaprinast and dypyrida-

mole which decrease cGMP catabolism, may also potentiate

the effect of nitric oxide on pulmonary arterial pressure, oxy-

genation and inflammation. As with many other pharmacol-

ogical approaches, nitric oxide does not seem to influence

mortality, and it is still not known whether combining a vari-

ety of treatments will further improve outcome in ARDS.

Novel supportive therapy in ARDS: The limitations of ven-

tilation approaches in improving oxygenation in ARDS have

stimulated the development of new therapeutic strategies.

Surfactant replacement therapy: Surfactant replacement

therapy has been proposed as a treatment because it is well

known that ARDS is associated with surfactant dysfunc-

tion. Although there have been some encouraging results

from initial clinical trials, a recent multicentre, randomized,

placebo controlled study involving 725 patients with sepsis-

induced ARDS did not demonstrate any impact of the artifi-

cial protein-free surfactant (Exosurf) on oxygenation, on du-

ration of mechanical ventilation or on survival (114).

Possible explanations for the negative results of this trial in-

clude inadequate drug delivery and the possibility that the ar-

tificial protein-free surfactants are not as efficacious as

natural preparations. Hence, new studies are needed before a

conclusion can be reached regarding the potential role of sur-

factants in the treatment of ARDS.

Liquid ventilation: Liquid ventilation is the most recently

developed innovative approach to treat hypoxemia, using

new organic molecules that are chemically stable, nonbio-

transferable and virtually nontoxic (ie, perfluorocarbons).

Perfluorocarbons are able to dissolve 17 times more oxygen

than water. In several animal models of lung injury, liquid

ventilation improves gas exchange compared with conven-

tional ventilation (115). There are clinical reports on the

safety and efficacy of partial liquid ventilation in adult (116)

and pediatric (117) patients with ARDS, but much work is

needed before this novel approach can be applied widely to

the therapy of ARDS. Although innovative support treat-

ments could ameliorate the outcome of ARDS patients,

modification of the evolution of the disease is more likely to

come from therapies aimed at the lung injury itself or at

MODS, the major cause of death in ARDS.

Novel treatment of MODS: Over the past few years, it has

become clear that the lung injury is only one manifestation of

a more generalized process in which multiple organs are af-

fected or at risk. MODS may be a complication of SIRS asso-

ciated with sepsis, or of severe shock of noninfectious

etiology. One hypothesis that may explain this generalized

process is that there is inadequate tissue oxygen delivery in

the early phase of ARDS. A recent consensus conference or-

ganized by the European Society of Intensive Care Medicine,

the Société de Réanimation de Langue Française and the

American Thoracic Society has provided guidelines for the

optimization of oxygen delivery to tissues and the reduction

of oxygen demand (118). However, it has been proposed that

there is a pathological relationship between oxygen con-

sumption and oxygen delivery (DO2) in ARDS. To correct

this problem, some groups have recommend increasing DO2
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to supranormal levels, although the results of multiple clini-

cal trials do not support this action at present (119).

to supranormal levels, although the results of multiple clini-

cal trials do not support this action at present (119).

to supranormal levels, although the results of multiple clini-

cal trials do not support this action at present (119).

to supranormal levels, although the results of multiple clini-

cal trials do not support this action at present (119).

The development of SIRS and MODS is also associated

with an increased metabolic rate that alters body composi-

tion. Reversal of this process requires adequate nutritional

support (120), and recent data seem to implicate certain nutri-

ents in modulation of the inflammatory response. For exam-

ple, there has been considerable interest in the potential role

of glutamine in preventing epithelial atrophy and bacterial

translocation in the gastrointestinal tract (121). However,

data from the only one clinical trial to date do not support this

strategy. Two other nutrients that have attracted some atten-

tion are arginine and omega-3 polyunsaturated fatty acid, but

data from at least two clinical studies that have evaluated

their potential do not support their use at present (122,123).

In summary, although the prevention and control of MODS

are important in the outcome of ARDS, no other effective

treatments are available.

Novel pharmacological treatment of ARDS: Inflammatory

mechanisms mediate ALI to produce the increased perme-

ability characteristic of ARDS. Large numbers of neutrophils

and monocytes are recruited to the distal lung airspaces, asso-

ciated with the release of proinflammatory cytokines, oxygen

radicals and proteases (124). Following up on these observa-

tions, numerous clinical trials have been conducted with the

view to interrupting the inflammatory cascade in ALI. Be-

cause patients who develop ARDS following sepsis have the

highest mortality, it seems logical to treat them either before

they develop the lung injury or in the early phase. Unfortu-

nately, to date, several clinical studies have failed to show

clearly the benefits in septic patients treated with a variety of

anti-inflammatory agents, including high doses of glucocor-

ticoids, antiendotoxin monoclonal antibody therapy,

anti-TNF therapy, anti-IL-1 therapy and prostaglandin

modulatory therapy (119,125).

N-acetylcysteine, a molecule that acts as an oxygen-free

radical scavenger and as a precursor for glutathione, an es-

sential element of the antioxidant defense mechanism, has

also been evaluated. This compound has been efficacious in

some experimental (119,126) and phase II clinical studies,

and has been shown to produce a trend towards decreased

nonpulmonary organ system dysfunction for the duration of

assisted ventilation in ARDS patients. There is an ongoing

prospective phase III trial with this agent.

The lack of success of these therapeutic modalities proba-

bly arises from the lack of knowledge of the detailed se-

quence of activation of the inflammatory mediators in the

pathogenetic cascade. Thus, future therapy of lung injury

will have to await a better understanding of the inflammatory

response in ARDS.

Innovative treatment to accelerate the resolution of
ARDS – The epithelium as a target: Until recently, most of

the attention was focused on pulmonary endothelium dys-

function in ALI. It is now clear that the structure and function

of the alveolar epithelium are also important determinants of

lung injury. The alveolar epithelium is not only an important

barrier to alveolar flooding but it is also the site of alveolar

fluid reabsorption. Liquid reabsorption, requiring intact al-

veolar epithelial function, is an essential step in the resolution

of ARDS and may have a significant impact on the prognosis

of patients with this condition (16). Data in the literature indi-

cate that if the alveolar epithelium can be restored to normal,

alveolar fluid clearance will depend primarily on active so-

dium transport across it. The obvious clinical question is

whether this process can be upregulated in ARDS patients.

In recent years, considerable effort has been devoted to

understanding the mechanisms that regulate repair and re-

modelling of the injured lung as well as identifying mecha-

nisms that upregulate edema resolution. New information in-

dicates that hepatocyte growth factor and KGF are major

mitogens and promigratory molecules for alveolar epithelial

type II cells (41,128). Recent studies suggest that pretreat-

ment of animals with KGF before the inducing lung injury re-

duces the severity of the damage (41,127-129). The mecha-

nism of protection may be enhanced alveolar fluid transport

from the increased number of alveolar type II cells in these

animals (41,130). Experimental data provide evidence that

beta2-adrenergic stimulation also upregulates alveolar liquid

clearance in normal and injured lungs, and that lung liquid

clearance can be stimulated with dobutamine and dopamine

(119). Thus, growth factors, vasoactive drugs and beta-

adrenergic agonists are potentially useful therapeutic modali-

ties for patients with hydrostatic or increased permeability

pulmonary edema.

SUMMARY
At the end of the 20th century, although ARDS is better

understood, it remains a killer. Treatment of ARDS is mainly

supportive because none of the new ventilatory strategies or

pharmacological interventions has been shown in clinical tri-

als to reduce morbidity or mortality. However, in recent

years, the standards of supportive therapy seem to have led to

a significant decrease in death due to ARDS. Further de-

creases in ARDS-related mortality should evolve from a bet-

ter understanding of the mechanism of early inflammatory

events in the lung injury and of the process of lung repair.
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