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ABSTRACT: In the last few years prone positioning has been used increasingly in the
treatment of patients with acute respiratory distress syndrome (ARDS) and this
manoeuvre is now considered a simple and safe method to improve oxygenation.
However, the physiological mechanisms causing respiratory function improvement as
well as the real clinical benefit are not yet fully understood. The aim of this review is
to discuss the physiological and clinical effects of prone positioning in patients with
ARDS.

The main physiological aims of prone positioning are: 1) to improve oxygenation; 2)
to improve respiratory mechanics; 3) to homogenise the pleural pressure gradient, the
alveolar inflation and the ventilation distribution; 4) to increase lung volume and reduce
the amount of atelectatic regions; 5) to facilitate the drainage of secretions; and 6) to
reduce ventilator-associated lung injury.

According to the available data, the authors conclude that: 1) oxygenation improves
iny70–80% of patients with early acute respiratory distress syndrome; 2) the beneficial
effects of oxygenation reduce after 1 week of mechanical ventilation; 3) the aetiology
of acute respiratory distress syndrome may markedly affect the response to prone
positioning; 4) extreme care is necessary when the manoeuvre is performed; 5) pressure
sores are frequent and related to the number of pronations; 6) the supports used to prone
and during positioning are different and nonstandardised among centres; and 7) intensive
care unit and hospital stay and mortality still remain high despite prone positioning.
Eur Respir J 2002; 20: 1017–1028.
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Acute respiratory distress syndrome (ARDS) is
characterised by radiographical diffuse bilateral infil-
trates, decreased respiratory compliance, small lung
volumes and severe hypoxaemia. Correction of life-
threatening hypoxia and improvement of respiratory
mechanics and lung volumes are the main treatment
goals. To achieve these ends, it is important to select
the most appropriate means of ventilatory support,
thereby minimising the damaging effects of mechani-
cal ventilation. Currently, ventilatory support using
small tidal volumes and low plateau pressures and
respiratory rate, to control arterial carbon dioxide
tension (Pa,CO2) and pH, are considered optimal [1].
Moreover, the application of relatively high levels of
positive end-expiratory pressure (PEEP) seems to be
beneficial in reducing ventilator-associated lung injury
(VALI) and improving survival [2]. In 1974, BRYAN [3]
suggested that anaesthetised and paralysed patients in

the prone position should exhibit better expansion of
the dorsal lung regions with a consequent improve-
ment in oxygenation. In 1976, PIEHL and BROWN [4]
showed, in a retrospective study, that the prone
position improved oxygenation in five patients with
ARDS without deleterious effects. One year later,
DOUGLAS et al. [5] demonstrated, in a prospective
study with a limited group of ARDS patients, that
prone positioning could effectively improve oxygen-
ation in ARDS. Starting from these reports, interest in
prone positioning in ARDS has increased progres-
sively and it is now considered to be a simple and safe
method of improving oxygenation in severely hypox-
aemic patients [6]. However, the physiological mecha
nisms that cause improvement in oxygenation are not
fully understood. Randomised clinical studies show-
ing a reduction in morbidity and mortality are lack-
ing, and turning from the supine to prone position is
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still considered a complex clinical procedure asso-
ciated with potential life-threatening complications.
This review aims to discuss the physiological basis of
the beneficial effects of prone positioning and its most
relevant effects in patients with ARDS.

Physiological effects of prone positioning

The physiological effects of prone positioning in
patients with severe lung injury manifest as improve-
ments in oxygenation and respiratory mechanics.
There may also be a reduction in mechanical factors
associated with VALI, such as an inhomogeneous
distribution of pleural pressure (Ppl), alveolar infla-
tion and ventilation, an increase in lung volume and
reduction in atelectatic lung regions and, finally, an
improvement in clearance of secretions. Since the
majority of animal and human studies investigating
the physiological effects of prone positioning refer to
acute ARDS, the considerations discussed later apply
only to the early stages of the syndrome.

Effects on oxygenation

Before describing the mechanisms by which the
prone position improves oxygenation, the physiology
of the distribution of alveolar inflation, alveolar ven-
tilation and perfusion is discussed.

Distribution of alveolar inflation in the supine
position. Figure 1 shows the distribution of alveolar
inflation (expressed as the gas/tissue ratio) in the supine
and prone positions in normal subjects and patients
with ARDS. In normal subjects, the distribution of
alveolar inflation follows a gravitational gradient,
the nondependent alveoli, located near to the sternum,
being more distended than the dependent ones
posteriorly. Alveolar dimensions depend on the
transpulmonary pressure, the difference in pressure

between the alveolar pressure (PA) and Ppl. Since
PA is more negative in nondependent lung regions,
transpulmonary pressure is greater in the non-
dependent, compared to the dependent areas. The
nature of the transpulmonary pressure gradient is
unclear, but has been attributed to several factors
such as the effects of lung weight, cardiac mass,
cephalic displacement of the diaphragm, the regional
shape and mechanical properties of the chest wall
and lungs.

Lung weight. In ARDS, the lung is characterised by
radiographic densities, primarily located in dependent
regions (fig. 2). Regional analysis of the lung using
computed tomography (CT) has revealed that alveolar
inflation is reduced markedly both in the ventral (near
the sternum in supine position) and dorsal regions,
following a gravitational gradient [8] (fig. 1). Thus, the
nondependent alveoli are relatively more expanded
than the dependent ones. By contrast, the distribution
of oedema is uniform throughout the lung parenchyma
suggesting that the disease process is distributed
uniformly. As the total mass of the lung is increased, it
progressively collapses under its own weight, squeezing
out gas from the dependent lung regions causing
compression atelectasis.

Cardiac mass. In normal subjects, the weight of the
heart on dependent regions has a significant influence
on the aeration of the subjacent lung. Experimental
evidence suggests that the heart contributes to the
genesis of the vertical gradient of transpulmonary pre-
ssure under physiological conditions [9]. In patients
with ARDS the cardiac mass is increased compared
with normal subjects, resulting in increased Ppl, in the
dependent part of the lung, and alveolar collapse [10].

Cephalic displacement of the abdomen. Sedation
and paralysis suppress diaphragmatic muscular tone.
The weight of the abdominal contents, no longer
opposed by the diaphragm, induces a cephalic dis-
placement of posterior regions of the diaphragm [11].
This upward shift increases Ppl in the most caudal and
dependent diaphragmatic regions, contributing to the
formation of basal atelectasis.

Regional lung and chest wall mechanical properties
and shape. Regional lung and chest wall mechanical
properties may influence regional transpulmonary
pressure [12]. In particular, the distensibility of the
lung (which, in turn, depends on lung volume and
contents), and the distensibility of the thorax (which
depends on chest wall mass, compliance and perhaps
the anatomy of the diaphragm) may play a role.
Moreover, the shape of the lung and chest wall may
influence regional transpulmonary pressure. It is clear
that Ppl depends on the relationships between the
external box (the chest wall and, in particular, the
thoracic cage) and the content (the lung). A thoracic
shape (chest wall and lung) more similar to a triangle
in the supine position (apex on top) allows the
formation of more extensive atelectasis than a
rectangular thoracic shape [7].

To conclude, in ARDS patients in the supine

1086420
0

1

2

3

4

5

6

7

Ga
s/

tis
su

e 
ra

tio

Lung height  %

Fig. 1. – The gas/tissue ratio, an index of alveolar inflation in
normal lung (n=14), supine (h) and prone (#) position, and lung
of acute respiratory distress syndrome patients (n=20), supine (&)
and prone (.) position. A height of 0% refers to the ventral
surface in supine position and to the dorsal surface in prone
position. Reproduced with permission from GATTINONI et al. [7].
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position, alveolar inflation is greater in the nondepen-
dent lung regions. Lung weight, cardiac mass, cephalic
displacement of the abdomen and the regional mecha-
nical properties, and shape of the lung and thoracic
cage are the main factors likely to influence trans-
pulmonary pressure and the gravitational distribution
of density.

Distribution of alveolar ventilation in the supine
position. The distribution of alveolar ventilation
follows inflation somewhat. Using CT scanning at
end-inspiration and end-expiration, it is possible to
measure the distribution of ventilation and alveolar
recruitment (fig. 2). In sedated and paralysed ARDS
patients in the supine position, the ventilation at zero
PEEP is distributed preferentially to the upper lung;
the ratio between the amount of ventilation in the
upper and lower lung being y2.5:1. With increasing
PEEP, the distribution of ventilation becomes pro-
gressively more homogeneous, the ratio beingy1:1 at
20 cmH2O of PEEP. This implies that modifications to
regional compliance occur with PEEP, with a decrease
in compliance of the upper lung due to the relatively
low potential for recruitment, and an increase in the
lower lung due to a relatively large amount of possible
recruitment. During mechanical ventilation, the lung
continuously collapses and inflates in its dependent
part, especially at low levels of PEEP. At higher PEEP

levels, the amount of collapsed tissue at end-expiration
is decreased [13].

To conclude, in ARDS patients in supine position,
alveolar ventilation is shifted preferentially to the non-
dependent part of the lung. Dependent lung regions
continuously collapse and inflate during mechanical
ventilation, but the application of PEEP causes a
more homogeneous distribution of ventilation, with a
reduction in regional compliance and overstretching
of the nondependent lung.

Distribution of perfusion in the supine position. In
normal subjects, perfusion progressively increases
from nondependent to dependent lung regions [14].
However, the determinants of this perfusion gradient
are not clear. Different theories have been formulated.
A "gravitational" theory was proposed initially con-
sidering the relationships between pulmonary blood
flow, pulmonary artery pressure (Ppa), PA and venous
return, modelled as a Starling resistor. The Starling
resistor can be described as a collapsible tube (pulmo-
nary vessels) across a closed chamber (alveoli) in which
pressure may be varied. When the inflow pressure (Ppa)
is lower than the chamber pressure (PA), blood flow
stops. When the inflow pressure is higher than the
chamber pressure, flow is governed either by the differ-
ence between Ppa and PA or by the difference between
Ppa and venous pressure. According to this "gravita-
tional" theory, perfusion should increase steadily down

a) b)

c) d)

Fig. 2. – Effects on lung densities of supine positioning at a) end-expiration and at b) end-inspiration, and prone positioning at c) end-
expiration and d) end-inspiration. At end-expiration, densities moved from dorsal to ventral regions. At end-inspiration, ventilation
improved in prone compared to supine position.
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the lung. Other theories do not consider gravity as the
main factor explaining the gravitational gradient of
perfusion.

In patients with ARDS, several factors potentially
influence the gravitational distribution of perfusion,
including hypoxic vasoconstriction, vascular oblitera-
tion and extrinsic vessel compression. Using selective
angiography, the authors have documented prevalent
perfusion to the nondependent lung regions, suggest-
ing an important role for extrinsic compression and
hypoxic vasoconstriction during ARDS [15]. Indeed,
recent data, obtained with more sophisticated tech-
niques suggest prevalent perfusion to the dependent
atelectatic lung regions [16].

Distribution of alveolar inflation in the prone posi-
tion. As in the supine position, alveolar inflation
probably depends on transpulmonary pressure. Prone
positioning causes a more homogeneous distribution
of transpulmonary pressure compared to the supine
position [17]. The authors have observed a movement
of lung densities from dorsal to ventral regions when
patients were turned from supine to prone, and a more
homogeneous distribution of alveolar inflation in the
prone position (fig. 1). Several factors could contribute
to this differential ability of the prone position to alter
dorsal lung transpulmonary pressures, including a
reversal of lung weight gradients, direct transmission of
the weight of the heart to subjacent regions, direct
transmission of the weight of abdominal contents to
caudal regions of the dorsal lung and/or regional
mechanical properties and shape of the chest wall
and lung. All these factors are likely to produce a more
homogeneous distribution of the transpulmonary
pressure and consequently more homogeneous
alveolar inflation.

Lung weight. The authors have found that modi-
fication of hydrostatic pressures can explain, at least
in part, the redistribution of intrapulmonary gas [18].
In the supine position, hydrostatic pressures cause
collapse in the dorsal (most dependent) lung regions,
whilst in the prone position, the most dependent lung
regions are the ventral.

Cardiac mass. More recently, the role of the cardiac
mass in determining changes in densities in the prone
position has been emphasised [19]. In the supine posi-
tion, a considerable fraction of both lungs is located
underneath the heart and, as such, is subject to
compressive forces. By contrast, in the prone position,
only a very small fraction of either lung would be
affected.

Cephalic displacement of the abdomen. Changes in
regional diaphragmatic motion occur in the prone
position. In humans, the motion of the diaphragm
during mechanical ventilation in the supine position is
uniform, whereas when prone, most motion occurs in
the nondependent (dorsal) regions [20]. However, the
position of the resting diaphragm does not differ. The
position and motion of the diaphragm during abdo-
minal distension are not known. Displacement of the
dome of the diaphragm into the pleural cavity has

been hypothesised. Decreased intra-abdominal pres-
sure in the prone position, thereby unloading the
weight of the abdominal content, may reduce the
cephalic displacement of the diaphragm and alter its
position and motion compared with the supine
position [21].

Regional mechanical properties and shape of the
lung and chest wall. Prone positioning probably
modifies the regional mechanical properties and
shape of the chest wall and lung. The authors found
that the distribution of alveolar inflation was more
homogeneous in patients with a more "triangular"
shape when supine [7]. Thus, it is evident that the
shape of the lung and thorax may influence the
distribution of alveolar inflation when prone. To
conclude, in patients with ARDS, in the prone
position, alveolar inflation is more homogeneous.

Distribution of ventilation in the prone position. Unfor-
tunately, no data regarding the distribution of ven-
tilation in the prone position are currently available.
However, from regional inflation data, the authors
infer that ventilation should redistribute from ventral
(collapsed in the prone position) to dorsal regions
(recruited in the prone position). Moreover, as regional
inflation is more uniform in the prone position,
ventilation is expected to be more uniform. To con-
clude, in patients with ARDS in the prone position,
ventilation is probably more homogeneous and
dorsally distributed.

Distribution of perfusion in prone position. To the best
of the authors9 knowledge, no data regarding the
distribution of perfusion in the prone position are
available. However, experimental evidence in dogs
suggests that perfusion to dorsal regions is greater in
the prone position, and that perfusion is overall more
homogeneous, suggesting that mechanisms other than
gravity may operate in this situation [16]. To conclude,
in patients with ARDS in the prone position, perfusion
is probably more homogeneous and not dependent on
gravity.

Effects on respiratory mechanics

Respiratory mechanics have rarely been assessed in
patients with ARDS in the prone position. Recently,
the authors investigated modifications in respiratory
mechanics in a group of patients with "primary" ARDS
(following a direct pulmonary insult) [22]. They found
that prone positioning decreased thoraco-abdominal
compliance but did not affect total respiratory system
compliance. The reduction in thoraco-abdominal
compliance could be explained by a decrease in
thoracic wall and/or diaphragmatic wall compliance.
Assuming that overall compliance of the diaphrag-
matic wall remains unchanged in the prone position,
since the intra-abdominal pressure did not change,
it could be supposed that the decrease in thoraco-
abdominal compliance arises through a greater stiff-
ness of the posterior, compared to the anterior, wall of
the thorax when free to move. Other authors have
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shown an improvement in respiratory system com-
pliance in the prone position, but their data mainly
refer to patients with "secondary" ARDS (nonpul-
monary insult) [23–25]. Interestingly, respiratory
system compliance is improved when patients are
returned to the supine position [22]. This indicates
that structural beneficial effects can occur on the lung
parenchyma in the prone position. To conclude, total
respiratory system mechanics are not modified in the
prone position but seem to improve after reposition-
ing to supine.

Effects on lung volume and alveolar recruitment

The effects of prone positioning on lung volume
and alveolar recruitment are unclear. Using CT scan-
ning, the authors observed that the total amount of
density was similar in supine and prone positions,
suggesting no alveolar recruitment [18]. On average,
lung volume and alveolar recruitment are unaffected
by the posture change in patients with primary ARDS
[22]. Other authors have reported alveolar recruit-
ment, correlated to the improvement in oxygenation,
in a group of patients with prevalent secondary ARDS
[25]. To conclude, in patients with primary ARDS,
prone positioning does not markedly influence lung
volume and total alveolar recruitment. In patients
with secondary ARDS, prone positioning is more
likely to induce increases in lung volume and alveolar
recruitment.

Mechanisms of improvement in oxygenation in the
prone position

From a pathophysiological point of view, hypox-
aemia in ARDS follows a reduction in the ventilation/
perfusion ratio (V9/Q9) and the presence of a true
shunt (alveolar units are not ventilated but remain
perfused, V9/Q9=0). The combination of these two
factors is called "physiological shunt". Prone position-
ing can improve oxygenation owing to several
mechanisms that improve V9/Q9, in general, and con-
sequently cause a reduction in physiological shunt.
These include increased lung volume, redistribution of
perfusion, recruitment of dorsal lung regions and a
more homogeneous distribution of ventilation.

Increase in lung volume. An increase in lung volume
was amongst the first mechanisms hypothesised to
explain the improvements in oxygenation in the prone
position [5]. Increased lung volume should be attri-
butable to an unloading of diaphragmatic movement
in the prone position, owing to a reduction in the forces
opposing the passive movements of the dorsal regions.
This hypothesis has not been confirmed in human
studies, including those in patients with primary
ARDS, since the improvement in oxygenation was
not correlated with lung volume or alveolar recruit-
ment. On the contrary, in secondary ARDS the
improvement in oxygenation correlated with alveolar
recruitment [25]. To conclude, the increase in lung
volume and alveolar recruitment that occurs in the

prone position, if present, does not entirely explain the
improvement in oxygenation in primary ARDS. An
increase in lung volume and alveolar recruitment may
explain the improvement in oxygenation seen in
secondary ARDS.

Redistribution of perfusion. This hypothesis is based on
the fact that perfusion in the supine position is gravity-
dependent, greatest to the most dependent part of the
lung, and that lung densities are also greatest in
dependent regions. Thus, in the supine position,
perfusion is greatest in the most diseased lung
regions with a consequent increase in shunt (reduced
V9/Q9). If the patient is turned and densities remain
in the dorsal part, whilst perfusion following a
gravitational gradient is increased ventrally, an
improvement of V9/Q9 correlating with increased
oxygenation should be expected. Unfortunately, this
simple and attractive mechanism does not apply to the
majority of patients with ARDS. In fact, when patients
are in the prone position, although maximum per-
fusion is likely to remain dorsally, lung densities
redistribute from dorsal to ventral regions.

Recruitment of dorsal lung with more homogeneous
distribution of ventilation and perfusion. This seems to
be one of the most probable causes of increased
oxygenation in the prone position. In the prone
position, densities in the dorsal part of the lung
decrease causing more homogeneous distribution of
alveolar inflation and ventilation, whilst perfusion
probably remains greatest in the dorsal lung regions.
Thus, V9/Q9 improves with a consequent increase in
oxygenation. Recently, the authors found, in a group
of patients with primary ARDS, that basal chest wall
compliance and its changes played a role in deter-
mining oxygenation response to prone positioning (the
lower the chest wall compliance in the supine position,
the lower the improvement in oxygenation) [22]. In
addition, the magnitude of the decrease in thoraco-
abdominal compliance observed in the prone position
was related to the improvement in oxygenation. These
findings, in patients with ARDS, are in line with
experimental data and highlight the importance of the
interactions between the rib cage, lungs and abdomen
during prone positioning [21]. Moreover, the more
triangular the thoracic shape in the supine position
(apex on the top and base on the bottom), the greater
the response in oxygenation in the prone position [7].
The improvement in oxygenation probably results
from a redistribution of blood flow away from unven-
tilated areas to regions with normal V9/Q9, most
probably resulting from alveolar recruitment in
previously atelectatic, but healthy and well-perfused
alveoli [16]. Interestingly, in some studies, the improve-
ment in oxygenation was partially maintained even
when the patients were repositioned supine [26–28]. To
conclude, redistribution of ventilation (more homo-
geneous and increased in the dorsal regions), asso-
ciated with a more uniform distribution of perfusion,
seems to be the main cause of the improvement
in oxygenation seen in the prone position. The
improvement can be maintained even when patients
are repositioned supine.
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Ventilator-associated lung injury and the prone
position

The mechanisms by which mechanical ventilation
may induce or augment lung injury involve lung
overdistension and repetitive opening and closing of
atelectatic regions. An adverse effect on endogenous
surfactant with an increased tendency for collapse of
air spaces may also be involved. Why these changes
occur is unclear, but high inspired oxygen fractions,
high inflation pressures ("barotrauma") and large tidal
volumes ("volutrauma"), and intratidal collapse and
reinflation ("atelectrauma") are probably all involved.
However, what is important is not the pressure per se
but the delivered volume. Excessive volumes lead to
high transpulmonary pressures with consequent
stretch of the pulmonary tissues [29]. Recently, greater
attention has been focused on intratidal collapse and
reinflation, which can generate shear forces that
increase capillary permeability and induce activation
of inflammatory factors, leading to local and systemic
inflammatory response ("biotrauma") [30].

Recent experimental studies have shown the role of
prone position in attenuating and redistributing VALI
[31, 32]. In fact, lung damage, as indicated by histo-
logical abnormalities, was less in the prone than in the
supine position in preinjured dogs ventilated with
large tidal volumes. Moreover, while the injury in the
supine position was distributed mainly to the depen-
dent lung regions, where collapsing and reinflating
phenomena are more likely to occur, in the prone
position lung injury was not only reduced in total, but
was more homogeneously distributed. Similar findings
were obtained by other authors [33] who observed a
lower incidence of pneumothorax in dogs kept prone.
In conclusion, prone positioning can exert a protective
effect on the mechanically ventilated injured lung.

Prone position and ventilatory setting

Positive end-expiratory pressure and recruitment
manoeuvres

PEEP is commonly used to improve oxygenation in
mechanically ventilated patients. PEEP may, however,
cause deterioration in gas exchange when applied to
patients with consolidated pneumonia [34]. Overriding
hypoxic pulmonary vasoconstriction with PEEP or
redistributing pulmonary blood flow away from ven-
tilated lung units are two possible mechanisms for
this adverse response. By contrast, recruitment manoeu-
vres using transpulmonary pressures, high enough to
completely reopen atelectatic alveoli, may be bene-
ficial before the application of PEEP when used
intermittently during mechanical ventilation [2, 35].
As discussed earlier, the distribution of Ppl becomes
more homogeneous in the prone position, leading to a
more uniform distribution of ventilation and more
efficient gas exchange. As transpulmonary pressures
are higher ventrally than dorsally in the supine
position, nondependent ventral lung regions may be
relatively overexpanded when compared with depen-
dent dorsal lung regions. This effect is likely to be
exacerbated by PEEP and may contribute to the

dorsal redistribution of pulmonary perfusion seen
with PEEP applied in the supine position. As trans-
pulmonary pressures are more homogeneous in the
prone position, the uniform pressure distribution is
unlikely to be altered by PEEP. This homogeneous
pressure distribution would lead to uniform expansion
of the lung in the prone position, with little redis-
tribution of pulmonary perfusion within the lung
when PEEP is administered.

In animal experiments, PEEP effectively redistri-
butes pulmonary perfusion in the supine but not in the
prone position [36]. Moreover, a greater and longer-
lasting effect with the time of recruitment manoeuvres
has been found in experimental animals [37] and in
patients with ARDS [38]. This means that lower PEEP
levels are necessary to obtain the same level of
oxygenation in the prone compared to the supine
position.

To conclude, the application of PEEP and recruit-
ment manoeuvres seems to be more effective in the
prone than in the supine position in improving
respiratory function. The effect of recruitment manoeu-
vres lasts longer in the prone position.

Prone position and pharmacological treatment

Nitric oxide and almitrine

Nitric oxide (NO) and prone positioning may
improve oxygenation when used separately. In
patients with ARDS, NO inhalation improves gas
exchange by inducing vasodilatation in ventilated
areas and diverting blood flow away from atelectatic
nonventilated regions. Recently, several studies have
investigated the effects of NO and prone positioning
in patients with ARDS and have found a comparable
improvement or a greater effect on oxygenation of
prone positioning compared to NO [39–42]. However,
most studies found an additive benefit when the two
treatment modalities were combined [39–41]. Optimi-
sation of alveolar recruitment increases delivery of
NO to target cells, thereby improving the response to
NO. The prone position should allow NO to reach
previously shunted pulmonary vessels without causing
alveolar overdistension. Consequently, some patients
who do not respond to NO when supine, could benefit
from NO inhalation in the prone position.

Other authors have suggested that the combination
of NO with almitrine bismesylate would enhance the
beneficial effects of prone position on oxygenation
[43]. Almitrine augments hypoxic vasoconstriction
redirecting blood flow to well-ventilated alveoli, but
may exacerbate severe pulmonary hypertension or
right ventricular failure. The suggested approach
is to use NO first and add almitrine subsequently
at increasing dosage [43]. However, these findings
are extremely preliminary and will require further
investigation.

Partial liquid ventilation

Partial liquid ventilation (PLV) facilitates the
opening of collapsed, incompliant, lung regions due
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to improved surface forces induced by perfluoro-
carbons (PFC). Because PFC is incompressible, it
may prevent complete alveolar collapse at low airway
pressures, thereby improving oxygenation by decreas-
ing intrapulmonary shunt. Limited experimental data
suggest that lung recruitment could be improved by
combining prone positioning and PLV [44]. However,
it is not known how different doses of PFC and posi-
tion would affect PFC distribution, lung mechanics
and consequently oxygenation. More importantly,
the combination of prone positioning and PLV may
protect the lung against VALI. At present there are no
clinical studies evaluating the effects of this treatment
combination in patients with ARDS.

Problems influencing different responses to prone
positioning

Predicting which patients will respond to prone
positioning by improving oxygenation is difficult.
There are three categories of patient: 1) those who do
not respond (y20%); 2) those who respond to prone
position and who maintain any oxygenation improve-
ment when they are returned to the supine position
(y50%); and 3) those who respond to prone position-
ing but do not maintain the improvement when they
are repositioned (y30%) [27]. Several factors may
predict a favourable oxygenation response on prone
positioning including the morphology of the lung, the
mechanical properties of the thoracic cage, and the
time and aetiology of the lung injury.

Morphology of the lung

The morphology of the lung differs greatly between
different populations of patients with ARDS [45].
Three main categories of patients can be classified
using CT scanning: 1) patients with a "lobar" pattern
in whom there were areas of lung attenuation with
lobar or segmental distribution; 2) patients with
a "patchy" pattern in whom there were lobar or
segmental areas of lung attenuation in some parts of
the lung, but lung attenuation without recognised
anatomical limits in others; and 3) patients with a
"diffuse" pattern in whom lung attenuation was
distributed diffusely throughout the lungs. It is
likely, but not proven, that patients with lobar or
patchy distribution of densities are more likely to
respond to prone positioning. In fact, a redistribution
of densities is not likely to occur in patients with a
diffuse pattern. The chest radiograph, which is simpler
and safer than CT scanning, can be useful in pre-
dicting patients that are likely to respond to prone
positioning. If the chest radiograph appearance is
lobar or patchy, it is very likely that the CT will show
a lobar or patchy pattern. By contrast, if the chest
radiograph is diffuse, the CT scan may equally present
a lobar, patchy or diffuse pattern. This means that in
the presence of a chest radiograph with a diffuse
pattern, a positive or negative response to prone
position may be expected.

Another factor that has been found to be predictive

of a positive response to prone positioning is the lung
shape. Patients with a triangular thoracic shape in
supine position (apex on the top and base on the
bottom) enjoy greater improvements in oxygenation
than those with a rectangular thoracic shape. To
conclude, CT and chest radiography may be useful in
predicting the response to prone positioning.

Mechanical properties of the chest wall

In primary ARDS, patients with better chest wall
compliance seem to benefit more than those with
decreased chest wall compliance [22]. This means that
patients with an elastic anterior rib cage benefit more
from prone positioning. Partitioning of the respiratory
system mechanics into lung and chest wall compo-
nents may be useful in predicting the response to
prone positioning.

Time

Lung morphology changes with time in patients
with ARDS. Radiological opacities become more
homogeneous with the development of fibrosis and
remodelling, whilst cysts and pseudocysts may appear
[46]. Similarly remodelling of pulmonary vessels may
occur. These observations increase the likelihood that
the response to prone position will decrease with time.

Aetiology

Not all patients with the constellation of clinical
findings that define ARDS are characterised by
the same morphological and mechanical behaviour.
Recently, attention has been focused on the possible
differences between patients with primary ARDS and
those whose lungs are diffusely injured by a process
that originates elsewhere (secondary ARDS). The
former patients are characterised by consolidation and
appear to be less responsive to recruitment and the
application of PEEP. Secondary ARDS is character-
ised by diffuse atelectasis that appears to be more
responsive to recruitment and PEEP [47]. Since the
response in oxygenation with prone positioning seems
to depend on a redistribution of densities, i.e. the
presence of recruitable lung, it is likely that patients
with secondary ARDS will be more responsive to
prone positioning.

Prone position in paediatric and head-injured patients

Paediatric patients

There are limited data regarding the effect of prone
positioning in children. A recent study showed the
prone position to be safe and to provide a beneficial
response in paediatric patients with respiratory failure
[48]. However, a second study reported an increase
in oxygenation following prone positioning only in a
subgroup of patients with obstructive lung disease

1023PRONE POSITION IN ARDS



[49]. In patients aged 1–5 yrs, with respiratory failure
after liver transplantation, the authors observed an
improvement in respiratory function following prone
positioning, and this manoeuvre is used by the authors
in clinical practice when indicated.

Neurologically injured patients

Patients with severe head injury are usually excluded
from prone positioning, even in studies dealing with
trauma victims. This is because intracranial pressure
is thought to increase in the prone position and, thus,
negatively affect cerebral physiology. However, in the
authors9 experience, head-injured patients with ARDS
show improved oxygenation in the prone position
and can be positioned safely, if the physicians carefully
monitor intracranial pressure (preferably invasively)
and the position of the neck (aligned with the spine),
and ensure free abdominal movements (to reduce caval
and arterial compression).

Clinical studies

An overview of the literature

Over the last 15 yrs, a series of reports have
appeared in the literature dealing with the use of
prone positioning as a tool to improve respiratory
function in patients with ARDS. The authors have
identified 31 studies up to the year 2000: 29 of which
investigated adults [4, 5, 18, 22–28, 39–43, 50–63] and
two which considered paediatric [48, 49] patients (not
considered in the following analysis).

The majority of the studies (22 of 29) were prospec-
tive [5, 18, 22–28, 39–43, 56–63], four were retrospec-
tive [4, 50–52], two were research letters [54, 55] and
one was a case report [53]. The number of studies
has increased over time, being two in the period
1976–1980 [4, 5], three in the period 1986–1990 [26, 54,
55], seven in the period 1991–1995 [18, 50–53, 56, 58],
and 17 in the period 1996–2000 [22–25, 27, 28, 39–43,
57, 59–63]. The prevalence of prospective studies and
the number of patients investigated in each study have
also increased progressively. A total of 454 patients
were involved, although the majority of studies
investigated ¡20 (33% investigated v10 patients [4,
5, 18, 50, 52–55], and 45%v20 patients [22, 24–26, 40,
41, 43, 56–58, 60–63]). Only 22% of the studies
investigated w20 patients [23, 27, 28, 39, 42, 51, 59].

The duration of pronation was very variable
between studies, ranging from 20 min [56] to 60 h
[51]. However, the majority investigated the effects
within 2 h (50%) [18, 22–26, 39, 41–43, 56, 57, 60],
while 30% waited w4 h and 11% w8 h [4, 5, 28, 40,
50–55, 58, 59, 63]. Only a minority (7%) investigated
the effects between 2–4 h [27, 61, 62]. The majority of
the studies investigated patients with a predominance
(w80% of the studies) of primary ARDS [22, 27,
39–41, 43, 57] while a minority investigated patients
with a predominance of secondary ARDS (11%) [24,
56, 62, 63]. Approximately 40% investigated a group
of patients with equally distributed primary and

secondary ARDS (between 20–80%) [4, 5, 18, 23, 26,
28, 42, 50, 60, 61]. One-third of the studies (33%)
did not describe the population studied [25, 51–55, 58,
59]. Few studies investigated preselected categories
of patients, although one study was performed in
cardiothoracic patients [58] and two in trauma victims
[56, 61]. Repeated manoeuvres were performed in 11%
[28, 56, 61].

Except for two studies performed in pressure-
controlled ventilation [56, 60], all were performed in
volume-controlled ventilation. The majority of the
studies (63%) did not describe the support used for
pronation [26, 27, 39, 40, 42, 43, 51–55, 57–61]. Thus,
20% did not release the abdomen [23, 56], whilst 80%
attempted to ensure free abdominal movements [4, 5,
18, 22, 24, 25, 28, 41, 50, 62, 63]. All but three of the
studies investigated the effects of prone position in the
acute phase [28, 59, 61].

The percentage of responders at the first pronation
was on average 73%, a response independent of the
sample size investigated (77% responded in the studies
with ¡10 patients, 76% with ¢11 but ¡20 patients,
and 69% with w20 patients). The percentage of res-
ponders was greater in studies in which the majority
of patients were suffering from secondary ARDS
(four studies) [24, 56, 62, 63] compared to those with
primary ARDS (eight studies) [22, 25, 27, 39–41, 43,
57] (78¡4% versus 61¡6%, respectively; pv0.01). The
presence of free abdomen movement did not influence
the percentage of responders. No study reported
major complications related to the manoeuvre.

Data from an Italian pilot study

The pilot phase of a large, prospective, randomised,
controlled, multicentre trial, designed to compare a
standard therapeutic strategy, and a similar strategy,
in conjunction with the daily use of prone positioning
for the treatment of patients with acute respiratory
failure, was performed in the period 1995–1997.
Thirty-five Italian intensive care units (ICUs) were
asked to apply a standardised protocol to at least two
patients with predefined criteria. The entry criteria
were: 1) the presence of bilateral chest infiltrates; 2)
an arterial oxygen tension (Pa,O2)/inspiratory oxygen
fraction (FI,O2) ratio v200 with a PEEP ¢5 cmH2O;
and 3) no evidence of cardiac problems. The exclu-
sion criteria were: 1) aged v16 yrs; 2) clinical or
instrumental evidence of cardiac oedema or cerebral
oedema; and 3) the presence of clinical conditions
contraindicating prone positioning, such as unfixed
bone fractures, haemodynamic instability and severe
chest wall lesions. All patients had to be evaluated
daily for a 10-day period for the presence of respira-
tory failure criteria (the same as the entry criteria).
Patients who met these criteria were proned daily for
6 h. Oxygenation response, tolerance of positioning
and complications of the manoeuvre were recorded.
Clinical data strictly related to the prone position,
such as the incidence and time course of pressures,
sores and nurses9 workloads were also assessed.

Seventy-three patients (45 male and 28 female; 51
with primary ARDS) were enrolled. The mean¡SD
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age was 51¡17 yrs, simplified acute physiology score
at entry was 38¡11 and time before enrolment was
2.8¡3.2 days. The clinical data at entry were (mean¡

SD) Pa,O2/FI,O2, 123¡42; Pa,CO2, 6.0¡1.9 kPa (45¡
14 mmHg); pH, 7.39¡0.09; PEEP, 10¡3 cmH2O;
mean airway pressure, 18¡5 cmH2O; peak airway
pressure, 33¡7 cmH2O; minute volume, 10.9¡2.9 L;
and tidal volume, 680¡115 mL. The total number of
pronations was 390. During the first day after the
admission to the ICU, 71 patients were placed in the
prone position for 6.2¡1.2 h. After the first hour of

prone positioning, the Pa,O2/FI,O2 of 76% of the
patients had increased by w2.7 kPa (20 mmHg;
responders) with an increase of 10.4¡7.0 kPa (78¡
53 mmHg). The proportion of responders increased to
85% after 6 h of prone positioning. The authors9
assessment of the effect of this manoeuvre 12 h later,
in the supine position, revealed that oxygenation was
improved (Pa,O2/FI,O2: 151¡39 versus 123¡42; pv0.01).

The improvement in oxygenation, expressed as
DPa,O2/FI,O2 was greater in patients with secondary
compared to primary ARDS during the 10-day period
(77¡24 versus 52¡12; pv0.01). The percentage of
manoeuvres in which patient/ventilator dyssynchrony
occurred was 13%, while in 39% it was necessary to
add sedation and in 24% it was necessary to add
muscular relaxants. As shown in table 1, manoeuvre-
related complications and severe life-threatening
complications were extremely rare. More importantly,
76% of the patients developed pressure sores, the
majority (63%) of which were severe. Each patient, at
the end of the 10-day study period, presented on
average 2.9 sores and the number of severe sores per
patient was 1.8. The development of sores was prin-
cipally on the pelvis (46%), followed by the thorax
(21%), legs (19%), arms (15%), head (7%) and other
sites (7%). However, severe sores were prevalent on
the pelvis (41%) and legs (42%). The main predictor

Table 1. – Manoeuvre-related complications

Complication Events Percentage

Airway obstruction
(secretion)

102/772 13

Transient oxygen
desaturation

97/764 13

Arrhythmias 16/773 2
Hypotension 15/773 1.9
Vomiting 12/773 1.6
Accidental loss of central

venous catheter
5/775 0.6

Accidental extubation 3/772 0.4
Accidental loss of thoracic

or abdominal drains
2/671 0.2

Table 2. – Synopsis of current trials of prone positioning

First author [ref.] Type Year Patient n Prevalent
disease

Support Improved
patients %

Pa,O2

supine kPa
Pa,O2

prone kPa
Survival

%

PIEHL [4] R 1976 5 M FA 100 9.6¡1.7 14.1¡1.2 60
DOUGLAS [5] P 1977 6 M FA 100 8.4¡1.3 18.4¡8.9 50
GATTINONI [18] P 1991 10 M FA 30 9.3¡0.9 15.4¡4.3 60
PELOSI [22] P 1998 17 PR FA 76 13.3¡3.5 16.6¡3.6 59
BLANCH [23] P 1997 23 M NS 67 9.3¡3.6# 12.0¡7.0 52
SERVILLO [24] P 1997 12 S FA 83 16.4¡2.9 20.3¡2.3 42
GUERIN [25] P 1999 12 U FA 67 18.1¡2.3 27.1¡3.2 58
LANGER [26] P 1988 13 M U 62 9.2¡1.1 14.8¡2.7 54
CHATTE [27] P 1997 32 PR U 31 13.3¡4.8 23.9¡4.9 44
GATTINONI [28] P 1997 54 M FA 76 16.4¡5.3# 25.9¡9.3 54
GERMANN [39] P 1998 47 PR U 74 15.3} 21.9 91
PAPAZIAN [40] P 1998 14 PR U 64 17.0¡5.9# 25.7¡11.0 85
MARTINEZ [41] P 1999 14 PR FA 41 14.6¡7.3# 21.4¡11.8 43
DUPONT [42] P 2000 27 M U 74 12.2¡3.5# 22.5¡10.1 37
JOLLIET [43] P 1997 12 PR U 58 8.2¡0.9 9.6¡1.9 33
ALBERT [50] R 1993 9 M FA 78 8.4¡2.0 30.7¡16.1
WALZ [51] R 1992 16 U U 100
SHICHINOHE [52] R 1991 7 U U 100
THULIG [53] C 1991 1 U U 100 8.9 11.8
FALLER [54] L 1988 3 U U 100 13.7¡3.3 26.2¡3.9
MANARA [55] L 1987 4 U U 75 39.9¡7.0z 19.0¡2.0 25
PAPPERT [56] P 1994 12 S NS 56 9.8¡1.5 16.4¡3.9 58
VOLLMAN [57] P 1996 15 PR U 60 11.6¡1.9 13.6¡4.4
BRUSSEL [58] P 1993 10 U U 74 9.7¡3.9 13.4¡5.2 90
VOGGENREITER [59] P 1999 22 U U 90 19.8¡1.1# 39.5¡4.0 82
WENZ [60] P 2000 10 M U 80 20.0¡4.9 29.3¡2.3 90
FRIEDRICH [61] P 1996 20 M U 60 12.9¡0.5 20.2¡2.0 90
MURE [62] P 1997 13 S FA 92 69.7¡18.1z 34.3¡18.8 69
FLAATTEN[63] P 1998 14 S FA 90 11.7¡0.8 18¡1.4 57

P: prospective; R: retrospective; C: case report; L: letter; M: primary/secondary acute respiratory distress syndrome (ARDS)
between 20–80%; PR:w80% primary ARDS; S: w80% secondary ARDS; U: data not available; FA: free abdomen; NS: not
supported; Pa,O2: arterial oxygen pressure. #: arterial oxygen tension/inspiratory oxygen fraction; }: median; z: alveolar-
arterial oxygen pressure difference.
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for pressure sore formation was the number of
pronations (6.2¡2.8 pronations in patients with sores
versus 3.6¡2.6 pronations in patients without sores;
pv0.05). Different supports were used in the supine
and prone positions. In the majority of patients air
mattresses (39%) and water mattress covers (24%)
were used. The devices used during pronation were
pillows (30%), sheet rolls (21%), and water pillows
(11%). The overall mortality at discharge from the
ICU was 51%, which was not significantly different
between primary and secondary ARDS. The stay in
the ICU was similar in survivors and nonsurvivors
(17.8¡11.6 versus 17.8¡11.4 days).

Conclusion

From these data (summarised in table 2) and the
physiological findings presented and discussed earlier,
the authors conclude: 1) prone positioning improves
oxygenation in the majority of patients (y70–80%)
with ARDS; 2) prone positioning does not negatively
affect and may improve respiratory mechanics; 3)
the improvement in oxygenation and respiratory
mechanics is partially maintained after returning the
patient to the supine position; 4) the effects on oxygen-
ation are reduced after the first week of mechanical
ventilation; 5) the effects of prone positioning on
respiratory function may be related to the specific
aetiology of ARDS; 6) it is possible that prone
positioning is more effective in secondary than in
primary ARDS, but larger studies are needed to
confirm this hypothesis; 7) manoeuvre-related com-
plications are rare, but pressure sores are frequent and
mainly related to the number of pronations; 8) the
supports used to prone, and during positioning, are
not standardised among centres; and 9) the mortality
of ARDS remains high even if patients are continu-
ously proned.

For the future, formal trials in a representative
sample of patients are needed to establish whether
prone positioning can improve survival, together with
more physiopathological knowledge to identify which
categories of patients can benefit effectively from
prone position, the optimal ventilatory setting to be
selected before, during and after positioning, the
duration and frequency of positioning, and a stan-
dardisation of the manoeuvre.
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