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Abstract

Acute respiratory distress syndrome (ARDS) is a syn-
drome with heterogeneous underlying pathological
processes. It represents a common clinical problem in
intensive care unit patients and it is characterized by
high mortality. The mainstay of treatment for ARDS is
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lung protective ventilation with low tidal volumes and
positive end-expiratory pressure sufficient for alveolar
recruitment. Prone positioning is a supplementary
strategy available in managing patients with ARDS. It
was first described 40 years ago and it proves to be in
alignment with two major ARDS pathophysiological lung
models; the “sponge lung” - and the “shape matching”
-model. Current evidence strongly supports that prone
positioning has beneficial effects on gas exchange,
respiratory mechanics, lung protection and hemody-
namics as it redistributes transpulmonary pressure,
stress and strain throughout the lung and unloads the
right ventricle. The factors that individually influence the
time course of alveolar recruitment and the improvement
in oxygenation during prone positioning have not been
well characterized. Although patients’ response to
prone positioning is quite variable and hard to predict,
large randomized trials and recent meta-analyses show
that prone position in conjunction with a lung-protec-
tive strategy, when performed early and in sufficient
duration, may improve survival in patients with ARDS.
This pathophysiology-based review and recent clinical
evidence strongly support the use of prone positioning
in the early management of severe ARDS systematically
and not as a rescue maneuver or a last-ditch effort.

Key words: Prone position; Acute respiratory distress
syndrome; Mechanical ventilation; Ventilator-induced
lung injury; Pathophysiology

© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Lung protective ventilation has become the
standard treatment strategy for patients with acute
respiratory distress syndrome (ARDS). The physiological
basis of prone positioning seems to act beneficially in
most pathophysiological disorders of ARDS improving
hemodynamics, gas exchange and respiratory mech-
anics. Moreover prone positioning seems to exert an
additional beneficial effect against ventilator-induced
lung injury. In patients with severe ARDS, early use of

May 4, 2016 | Volume 5 | Issue2 |



Koulouras V et a/. Pathophysiology of prone position in ARDS

prolonged prone positioning in conjunction with lung-
protective strategies decreases mortality significantly.

Koulouras V, Papathanakos G, Papathanasiou A, Nakos G.
Efficacy of prone position in acute respiratory distress syndrome
patients: A pathophysiology-based review. World J Crit Care
Med 2016; 5(2): 121-136 Available from: URL: http://www.
wjgnet.com/2220-3141/full/v5/i2/121.htm DOI: http://dx.doi.
org/10.5492/wjccm.v5.12.121

INTRODUCTION

The adult respiratory distress syndrome was first
described during Vietham War in 1960s as a new
distinctive clinical entity of hypoxemic respiratory failure
affecting both lungs. This term was later modified to
acute respiratory distress syndrome (ARDS) charac-
terized by a diffuse inflammatory condition of the lungs,
decreased respiratory system compliance, bilateral
pulmonary infiltrates and rapid onset of hypoxemic
respiratory failure following a variety of lung insults.

ARDS is a clinical syndrome with heterogeneous
underlying pathological processes; it can arise from
direct (pulmonary) injury to the lung parenchyma
or from indirect (extrapulmonary) systemic insults
transmitted by circulation. Regardless of the underlying
insult, the development of diffuse alveolar damage
involves neutrophil activation and endothelial injury,
leading to noncardiogenic pulmonary edema and
atelectasis.

In 1994, the American and European Consensus
Conference (AECC) established specific criteria for
acute lung injury (ALI) and ARDS, with ARDS being the
most severe form of the syndrome'™?, These criteria
included acute onset, bilateral lung infiltrates on chest
radiograph, no evidence of elevated left atrial pressure
and severe hypoxaemia, assessed by the arterial
oxygen tension to inspired oxygen fraction (PaO:/FiOz)
ratio. According to these guidelines, ARDS existed
when the PaO:/FiO: ratio was << 200 mmHg and ALI
when the PaO2/FiO: ratio was < 300 mmHg. The AECC
definition for ARDS remained the basis for enroliment in
most of the landmark trials over the past 20 years.

Based on the limitations of diagnostic reliability
and stratification of patients with ARDS/ALI according
to severity by AECC criteria, the European Society of
Intensive Care Medicine proposed the Berlin ARDS
definition in 2011 (Table 1). This new “Berlin” definition
is not substantially different from the old, but defines
the criteria more specifically including timing, chest ima-
ging, origin of edema and oxygenation, and classifies
the severity of disease on the basis of the degree of
hypoxemia and positive end-expiratory pressure (PEEP)
or continuous positive airway pressure (CPAP)®.

ARDS represents a common clinical problem in
intensive care unit patients™. It has a varying incidence
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from 5-7.2 in Europe to 33.8 new cases/100000 popul-
ation/year in the United States (150000-200000 cases/
year)®7), In the ICU setting, 7%-10% of admitted
patients and 5%-8% of the mechanically ventilated
ones meet criteria for ALI/ARDS'™, After continued
progress in understanding ARDS pathophysiology and
the application of lung protective ventilation, mortality
rate significantly decreased from a rate of 65%-70% in
the early 1980s to 35%-40% to date in RCTs and consis-
tently higher in real word observational studies”*.,

ARDS APPROACH: PROTECTIVE LUNG

VENTILATION

The majority of patients with ARDS will require mech-
anical ventilation. The goals of mechanical ventilation
for ARDS patients are to minimize iatrogenic lung injury
[ventilator-induced lung injury (VILI)] while providing
acceptable oxygenation and carbon dioxide (CO2)
clearance.

Numerous studies provided clear evidence of
large mortality benefit when patients with ARDS were
ventilated with a lung-protective strategy: Avoidance of
alveolar overdistention using tidal volumes of 6 mL/kg
predicted body weight, with plateau pressures < 30
c¢mH:0, and allowing a low pH in order to achieve these
targets™"'%,

A major and controversial aspect of mechanical
ventilation regards PEEP; the appropriate levels of PEEP
and proper method of titration remain controversial™**",
Some authors recommend the lowest level (5-10 cm
H20) of PEEP to be used to support oxygenation and
maintain FiO2 at or below 0.6. A recent meta-analysis,
which included data from ALVEOLI, LOVS, and EXPRESS
clinical trials, revealed that higher levels of PEEP were
associated with improved survival and oxygenation
among patients with moderate to severe ARDS!#',

ARDS AND PRONE POSITIONING

Conceptually, prone position may result to a more
uniform distribution of lung stress and strain, leading to
improved ventilation-perfusion matching and regional
improvement in lung and chest wall mechanics. Prior
clinical trials showed that prone positioning improves
oxygenation in patients with ARDS, without benefits in
terms of survival®??. A recent multicenter prospective
controlled trial (the PROSEVA study) showed that
prone positioning decreased 28-d and 90-d mortality,
increased ventilator-free days and decreased time to
extubation'”®. Based on these data, ventilation in the
prone position is recommended for the first week in
moderate to severe ARDS patients.

Other adjunctive strategies used in the ARDS
setting include recruitment maneuvers, conservative
fluid strategy’, neuromuscular blocking agents®”,
extracorporeal membrane oxygenation, high-frequency
ventilation®®*”), corticosteroids®®®, and inhaled pharma-
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Table 1 The Berlin definition of the acute respiratory distress syndrome

Timing
Chest imaging'
Origin of edema

Within 1 wk of a known clinical insult or new or worsening respiratory symptoms
Bilateral opacities - not fully explained by effusions, lobar/lung collage, or nodules
Respiratory failure not fully explained by cardiac failure of fluid overload. Need objective assessment (e.g., echocardiography)

to exclude hydrostatic edema if no risk factor present

Oxygenation”
Mild 200 mmHg < PaO2/FiO2 < 300 mmHg with PEEP or
CPAP = 5 cmH0’
Moderate 100 mmHg < PaO2/FiO2 < 200 mmHg with PEEP or

CPAP = 5 cmH20
Severe

PaO2/FiOz < 100 mmHg with PEEP or CPAP = 5 cmH20

!Chest radiograph or computed tomography scan; “If attitude is higher than 1000 m, the correction factor should be calculated as follows: [PaOz/FiO2 x

(barometric pressure/760)]. *This may be delivered noninvasively in the mild acute respiratory distress syndrome group. CPAP: Continuous positive

airway pressure; FiO2: Fraction of inspired oxygen; PaOz: Partial pressure of arterial oxygen; PEEP: Positive-end expiratory pressure.

cologic agents.

In this review article, we describe the ARDS pathop-
hysiological models supporting the prone position, we
highlight the physiological and lung protective effects of
prone positioning and we review the most recent clinical
trials on prone position in ARDS patients.

HISTORICAL BACKGROUND OF PRONE
POSITION

The possible benefits of prone positioning were first
speculated in 1974 from studies on the effects of
sedation and paralysis on the diaphragm. Bryan et
al”® suggested that anaesthetized and paralyzed
patients in the prone position should exhibit a better
expansion of the dependent (dorsal) lung regions with
consistent improvement in oxygenation, indicating
prone’s potential beneficial impact on lung mechanics.
Two years later, Piehl et al®® reported dramatic effects
on oxygenation improvement by prone position in five
patients with ARDS and in the following year Douglas
et al*"! reported similar findings in six ARDS patients,
confirming that prone positioning could effectively
improve oxygenation in this patient group. Although the
first reports were very promising, the following years
the clinical application of prone positioning in ARDS
patients was not very popular. Not until 1986, when
Maunder et al** with their chest computed tomography
scans study challenged the previously commonly held
assumption that ARDS is a homogeneous process
(as usually shown by anteroposterior radiography),
associated with generalized and relatively uniform
damage to the alveolar capillary membrane. The same
year Gattinoni et al®® demonstrated that in ARDS,
affected areas primarily occur in the dependent portion
of the lung parenchyma. This was soon accompanied by
the finding that in ARDS, respiratory compliance is also
well correlated with the amount of normally aerated
(nondependent) tissue and not with the amount of
nonaerated (dependent) tissue®*. ARDS lung is not
stiff but “small” ("baby lung”), and the elasticity of
the residual inflated lung is nearly normal. At first
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physicians, believed that “baby lung” was something
well defined, constant and anatomically confined in
the ventral (nondependent) regions of the lungs.
They turned ARDS patients to the prone position,
trying to redistribute the blood flow from the posterior
unventilated lung to the previously nondependent baby
lung, in order to improve lung’s perfusion, to minimize
the resulted shunt and to improve the oxygenation™>*!,
Although the physiologic mechanisms leading to im-
proved oxygenation during prone positioning proved to
be different as first suggested, and the redistribution
concerned the alveolar gas more, the interest in prone
positioning remained strong and prone position proved
to be beneficial for both oxygenation and outcome of
ARDS patients.

ARDS PATHOPHYSIOLOGICAL LUNG
MODELS SUPPORTING THE PRONE
POSITION

From 1988 to 1991 computerized tomograms of
ARDS patients being in the prone position revealed
an unexpected finding: The disappearance of the
posterobasal densities after prone positioning and their
redistribution to the new dependent lung regionst~®,
This finding changed the concept of “baby lung” from an
anatomically confined- to a functional entity, and led to
the development of an early pathophysiological model
known as “sponge lung” model™>*,

When someone removes a sponge from the water
and holds it flat, the water drains from it and then slows
to a stop. If the sponge is turned from horizontal to
vertical position, the drainage begins again and then
slows again to a stop. As it slows, the sponge is not
equally wet from top to bottom, with the top having
more empty pores than the bottom. This is pretty much
what the “sponge lung” model in ARDS patients sug-
gested: Edema increases the lung weight and squeezes
the gas out of the dependent lung regions producing
alveolar collapse and increasing the CT densities in
dependent regions (compression atelectasis)!**!!;
the size of open airway and the amount of gas decr-
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Figure 1 Relationship between gravity, superimposed pressure and shape matching. A: In supine position gravity, superimposed pressure, and shape matching
act to the same detrimental direction; B: In prone position, shape matching counterbalances gravity and superimposed pressure allowing a more homogeneous

inflation of the dependent lung areas.

eases along the vertical axis. Although in ARDS the
edema has a nongravitational distribution and is
quite homogeneously distributed throughout the lung
parenchyma™®*4, the “sponge Ilung” model provided,
at that time, a satisfying explanation for three different
things. Firstly, how the increased lung mass in ARDS
patients due to edema and the increased superimposed
pressure, including the heart weight squeeze out the
gas of the gravity-dependent lung regions leading
to loss of lung aeration®*!. Secondly, why the lung
densities shift from dorsal to ventral regions during
prone position in ARDS lung™”*!: The superimposed
hydrostatic pressure is reversed and the ventral regions,
as the result of the gravitational forces, are newly
compressed (this can happen within minutes). And
thirdly, “sponge lung” model explained the mechanism
through which PEEP acts as a counterforce to oppose
the collapsing, compressing forces: PEEP greater than
the superimposed pressure keeps the most dependent
lung regions open**,

Some years later the “sponge lung” model and the
opinion that in ARDS patients the lung edema causes
the lung to collapse under its own weight in dependent
regions was challenged as a hypothesis by some
authors™**! and a new supplementary hypothesis was
proposed. In ARDS patients in supine position, the
dependent areas of the lung collapse not only due to
edema and the increased superimposed pressure but
also due to the different shape existing between the
lung and the chest wall and the resulted nhonhomogene-
ous expansion of alveolar units. The isolated lung
normally has a conical shape with the dependent side
being bigger than the nondependent side (in supine
position). On the other hand, the chest wall has a
cylindrical shape and the problem proves to be a shape-
matching problem (the fitting of an elastic cone into
a rigid cylinder). Because the two structures have the
same volume, the lung must expand its upper regions
more than the lower ones and this condition results to
a greater expansion of the nondependent alveolar units
or otherwise to a lesser expansion of the dependent
ones*, In ARDS patients who are in supine position,
the gravitational forces, the increased superimposed
pressure, and the shape matching of the lung into
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the chest cavity act to the same direction having a
detrimental effect on dependent alveolar units. On the
contrary, in ARDS patients, who are turned in the prone
position, shape matching counterbalances gravity and
superimposed pressure allowing a more homogeneous
inflation of the dependent lung areas (Figure 1). In
addition, prone position eliminates compression of the
lungs by the heart™*®! and relieves the dependent lung
area from the abdominal pressure!***%,

The “shape matching” model enlightens two aspects
of prone positioning. If lungs would not have a conical
shape and were just symmetrical, the degree of shunt
and hypoxia would not vary between supine and prone
position if perfusion would remain the same. After
the rotation of the patient to the prone position the
shunt lessens and the oxygenation improves because
the recruitment of the dorsal areas overcomes the
de-recruitment of the ventral regions due to “shape
matching”**. Secondly this model takes into account
an inherent nonuniform alveolar stress that is not
gravitationally determined and explains in part why
the application of prone positioning diminishes alveolar
hyperinflation and protects the lungs from high shearing
forces and eventually from ventilator induced lung
injury (VILD)PY,

PHYSIOLOGICAL EFFECTS OF PRONE
POSITIONING

Effects of prone position on gas exchange
Oxygenation: It is well known that there is normally a
regional difference in intrapleural pressure, being more
subatmospheric at the apex and at the nondependent
lung areas. This is clearly a gravity dependent pheno-
menon and results in exponentially regional differences
in transpulmonary pressure and thus in the size of
alveoli; the transpulmonary pressure, i.e., the distending
forces of the lung, decreases along the ventral-to-dorsal
axis and the size of the alveolar units decreases toward
the dependent areas.

It was found that by turning the patient to the prone
position due to thoracic-lung shape modifications the
intrapleural pressure becomes less negative in non-
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Figure 2 A summary showing the sequential effects of prone position on acute respiratory distress syndrome diseased lung. A: Original shape of the
isolated lung; the dorsal side is bigger than the ventral one (no gravity); B: The result of shape matching: alveolar units have bigger size ventrally and smaller size
dorsally (no gravity); C: The additive effect of gravity on ventilation and perfusion: blood flow is being diverted toward dependent regions, while dependent pulmonary
units close; D: Immediately after turning to the prone position, pulmonary blood flow in dorsal regions of the lung is maintained unmodified; E: Dorsal lung recruitment
follows (greater than ventral de-recruitment), gravitational forces compress the ventral region, but this effect is damped by regional expansion due to shape matching; F:
Transpulmonary pressure and regional inflation distribution become more homogeneous throughout the lung resulting finally to better oxygenation.

dependent and less positive in dependent regions®™">., intrapulmonary shunt and the increase in oxygenation

The net effect of prone positioning is not only the observed in patients with ARDS who are turned in the

increase of regional inflation distribution in dorsal prone position mainly results from better ventilated
regions and decrease in ventral regions respectively, well-perfused lung areas with dorsal recruitment being
but intrapleural pressure, transpulmonary pressure in parallel greater than ventral de-recruitment (Figure
and regional inflation distribution become more homo- 2)B4331 - Animal data had early suggested that during
geneous throughout the lung (Figure 2)P., It was early prone position homogeneity of ventilation increases
suggested that this could be explained by the reversal V/Q as well as the correlation between regional ventil-

of lung weight gradients, the direct transmission of ation and perfusion', Very important is the finding
the weight of the heart to subjacent regions, direct that prone position, when combined, is followed by
transmission of the weight of abdominal contents an improved and/or a more sustained response to

to caudal regions of the dorsal lung and/or regional recruiting maneuvers®*%%®,
mechanical properties and shape of the chest wall and Albert et al*”! in their study determined the fraction
lung™*, of lung that might be subjected to the weight of the

In addition, although in healthy lung pulmonary heart when patients are in the supine vs the prone
perfusion is distributed along a ventral-dorsal gradient position. The study included only non-ARDS patients,
and progressively increases down the lung, data but it was found that turning patients to the prone
suggest that in the diseased lung, blood flow is being position eliminates the compressive force of the heart
diverted toward the nondependent regions. This is on dorsal lung regions redirecting it to only a small
caused by several mechanisms including hypoxic portion of the ventral lung regions (Figure 3). This is
vasoconstriction, vessel obliteration and extrinsic vessel in agreement with the results of previous studies. In a
compression®>*"), Also, human and animal studies have study conducted by our group it was shown that ARDS
shown that in the conversion from the supine to prone patients with congestive heart failure and cardiomegaly
ventilation, pulmonary blood flow in dorsal regions after being turned to the prone positioning exhibited
of the lung is maintained unmodified and prevalent a significant, rapid, and persistent improvement in
in lung dorsal areas (Figure 2)“****%%3 Besides, in oxygenation. This improvement could be partly due to
patients with ARDS, the increased lung weight due to the decompression of the left lower lobe by the enlarged

serious inflammation and pulmonary edema would heart™!. Wiener et al’™ had early found that patients
act also as hypergravity to squeeze the blood flow with cardiomegaly exhibited reduced left mid- and
as well as ventilation out of the dependent area to lower zone ventilation in the supine but not in the prone
the nondependent region®*, Thus, the reduction in position.
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Supine position

Prone position

Figure 3 Prone positioning allows the heart to lay on the sternum and the compressive force of the heart on dorsal lung regions to be eliminated.

It is worth to mention that the interaction between
PEEP and posture on regional distribution of ventilation
was recently examined in anesthetized human volun-
teers. It was found that after the addition of PEEP in the
prone position there is a much greater redistribution to
ventral areas for blood flow than for ventilation, causing
increased V/Q mismatch. In the study of Petersson et
al”", without PEEP, the vertical ventilation-to-perfusion
gradient was less in prone postures than in supine, but
with PEEP, the gradient was similar. Although this finding
supports prior studies, which have shown that lower
PEEP is needed to maintain oxygenation in the prone
posture than in the supine®’?, reductions of PEEP are
inappropriate, at least when V/Q matching and systemic
oxygenation are being evaluated™"",

CO:2 clearance: During the course of ARDS the CO:2
clearance is becoming impaired due to structural
changes of the lung”>”” and the increase in dead space
proves to be a prognostic marker of ARDS mortali-
ty"®. Interestingly, turning the ARDS patient to prone
position does not always result in decrease in arterial
CO2 because the presence of aerated alveoli doesn’t
necessarily mean that they are also well ventilated.
In fact, it has been suggested that oxygen and carbon
dioxide responses to prone position are independent
and a decrease in PaCO: to the first pronation rather
than an increase in Pa0:/FiOz, is significantly associated
with lung recruitability and a better outcome”®%,

It has been proposed that in PaCO2 nonresponders,
the primary mechanism of the PaO: increase is diver-
sion of the blood flow, whereas in PaCO: responders
the primary mechanism is greater dorsal recruitment
in comparison to ventral derecruitment, combined
with reduced alveolar overinflation™*®’®!, The PaCO:
responders seem to have a higher potential to be recr-
uited with prone positioning than with nonresponders,
revealing a difference in underlying lung pathologies™®".
It has also been suggested that when PaO: increases
and PaCO: does not simultaneously decrease, it is a sign
that either cardiac output is lowered or alveolar dead
space ventilation is increased by PEEP, reflecting lung
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overdistention™?.

EFFECTS OF PRONE POSITION ON
RESPIRATORY MECHANICS

Total respiratory system mechanics in general are not
modified during prone position and it has been shown
that respiratory mechanics improve after returning
to supine position, suggesting the potential beneficial
structural effects of prone positioning™®>%. Although
chest wall compliance decreases®*®! prone position
does not affect total respiratory system compliance®®.
The only exception may be patients with secondary
ARDS (nonpulmonary insult), who have shown an
increase in respiratory system compliance?#>%,

EFFECTS OF PRONE POSITION ON
STRESS/STRAIN AND VILI

Low tidal volume ventilation™, high PEEP and recruit-
ment maneuvers are commonly used in the ARDS
setting as protective ventilation strategies to minimize
lung overdistention and ventilation heterogeneity, but
ventilation at low tidal volumes can also cause injury
through repetitive opening and closing of the small
airways and lung units®®!, effects on surfactant
function®, and regional hypoxia®™’. Stress is the
tension developed in the lungs’ fibrous skeleton when
a distending force is applied, and strain is the volume
increase caused by the applied force relative to the
resting volume of the lungs™. The dlinical equivalent
of stress is transpulmonary pressure (airway pressure
minus pleural pressure) and the clinical equivalent
of strain is the ratio of volume change (AV) to the
functional residual capacity (FRC), which is the resting
lung volume™', Under mechanical ventilation with PEEP,
lung strain may be calculated as: Strain = (Vr + PEEP
volume)/FRC, and stress and strain are linked by the
formula: Stress = k x strain, where k is the lung-specific
elastance (approximately equal 13 cmH:0 in either
healthy or acutely injured lungs)® ",
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As already mentioned, prone positioning results to
a more homogeneous distribution of transpulmonary
pressure and regional inflation throughout the lung.
By favoring such a homogenization, turning ARDS
patients to prone position could help eliminate lung
overdistention, which proves to be the main compon-
ent of VILI (volutrauma). In the prone position, air is
distributed more homogeneously throughout the lungs,
and stress and strain are decreased. Indeed, there
are several levels of evidence supporting the preven-
tive effect of prone position on VILI. Animal studies
suggest that prone positioning decreases or delays
the progression of VILI®*® while human studies
have confirmed the relevant beneficial effect of prone
positioning in the ARDS setting. In a study conducted
by our group, Galiatsou et a*” compared lung CT scans
in ARDS patients in supine and prone position and
found that prone position is associated with significant
alveolar recruitment and less hyperinflation compared
to the supine position; this process was more prevalent
in lobar than in diffuse ARDS patients. This finding
was confirmed and even more extended in the study
by Cornejo et al*®; the authors concluded that prone
positioning enchases lung recruitment and decreases tidal
hyperinflation, even in those ARDS patients classified
as having low potential for lung recruitment. The same
study also suggested that prone positioning decreases
alveolar instability and cyclic alveolar recruitment/
derecruitment. This proves to be particularly important,
as intra-airway shear forces due to cyclical airspace
opening and closing of airway and pulmonary units
result to injury of airway epithelial cells (atelectrauma),
which is the second component of VILI pathogenesis®”.

Another component of VILI is biotrauma (lung inflam-
mation). It follows the application of unphysiological
mechanical forces to lung tissue, the release of proin-
flammatory cytokines and the recruitment of white cells;
it can lead to multi-organ failure®®”, Papazian et a/*®
compared neutrophil counts and interleukin-8 levels
in the bronchoalveolar lavage fluid of ARDS patients
being in the supine and in the prone position and found
that prone position reduced lung inflammation in ARDS
patients. In an experimental study conducted by our
group, we examined whether the prone position of the
patients affects histological changes and apoptosis in
the lung and “end organs”, including the brain, heart,
diaphragm, liver, kidneys and small intestine. We found
that prone position appears to reduce the severity
and the extent of lung injury, and is associated with
decreased apoptosis in the lung and “end organs”®.
It is also known that mechanical ventilation induces
heterogeneous lung injury by mitogen-activated protein
kinase (MAPK). Park et al** in their experimental study
on rodent lungs exposed to injurious ventilation found
that the prone positioning has a protective lung effect
by increasing the expression of MAPK-phosphatase 1,
while the supine position has an opposite effect.

The prone positioning has extra protective lung
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effects: It improves the mobilization and postural
drainage of secretions from the posterior lung segme-
ntsP*1°1%1 and it has been shown to reduce the risk of
ventilator-associated pneumonia (VAP)Y®'%1%1 Finally,
by enchasing oxygenation, proning reduces the need of
sustaining high toxic levels of inspired oxygen'®,

EFFECTS OF PRONE POSITION ON
HEMODYNAMICS AND HEMODYNAMIC
MONITORING

Vieillard-Baron et a investigated the short-term
effects of prone positioning on right ventricular function
in patients with severe ARDS and it was found that
proning unloads the right ventricle by decreasing right
ventricular enlargement and mean septal dyskinesia.
Recently, Jozwiack et al™'*! confirmed the beneficial
hemodynamic effects of prone positioning in patients
with ARDS as it was shown that prone positioning
increases cardiac preload, reduces right ventricular
afterload and increases left ventricular preload; this
resulted to increased cardiac index only in patients
with preload reserve. During the prone positioning,
pulmonary arterial occlusion pressure is also increased
and the transpulmonary pressure gradient (the
difference of mean pulmonary arterial pressure relative
to pulmonary artery occlusion pressure) is reduced™!".
Elevated transpulmonary pressure gradient defines
pulmonary vascular dysfunction and is independently
related to increased ARDS mortality™™"******, Besides,
the increased pulmonary arterial occlusion pressure
transfers some lung regions from West zone 2 to zone
3, thus having the potential to decrease dead space
ventilation, another factor independently related to
ARDS mortality™"”*''!), Prone positioning serves both
the lung and the “right ventricle protective approach” of
mechanical ventilation™?,

Briicken et al''*! investigated the influence of prone
positioning on the measurement of transpulmonary
thermodilution-derived variables in ARDS patients and
found that although extravascular lung water index
(EVLWI) and global end-diastolic volume index measure-
ments are possibly influenced by prone positioning,
the differences are minor and presumably of no clinical
relevance. The positive effect of prone positioning on
EVLWI was demonstrated by McAuley et al'**!, where
an initial transient increase was followed by a statisti-
cally significant decrease on EVLWI.

Grensenmann et al''®! investigated the influence
of modified prone positioning (135°) on the accuracy
of pulse contour-derived calibrated cardiac index and
uncalibrated cardiac index in ARDS patient with trans-
pulmonary thermodilution as reference technique.
They found that the prone positioning only marginally
influences calibrated pulse contour-derived cardiac index
measurements, while uncalibrated pulse contour ana-
lysis showed a degree of error higher than considered

J[110]
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acceptable!''®,

CLINICAL RESPONSE TO PRONE

POSITIONING

Although prone positioning in ARDS setting is generally
associated with increased arterial oxygenation, the truth
is that patients’ response is quite variable and hard to
predict. There are few patients, who after being turned
to the prone position show no improvement at all or
even a deterioration.

According to arterial blood gas changes after their
proning, ARDS patients can be classified as “responders”
or not “responders”; “Pa0: responders” are those
whose Pa0:/FiO: ratio increases by at least 20% or by
= 20 mmHg, whereas PaCO: responders are those
whose PaCO: decreases by = 1 mmHg. These are the
thresholds most selected in previous studies!®”7#!>17 121,
Expected PaCO: changes are relatively smaller than PaO:
changes because of the different slopes of the content/
tension relationship.

ARDS responders can also be dassified as “persistent”
or “not persistent” based upon whether arterial oxy-
genation is partially maintained or not respectively when
they are turned supine again'*"'®?, These patients may
exhibit one of three different responses: (1) Display an
improved oxygenation compared to prone positioning;
(2) maintain a good oxygenation compared to how
they were before prone positioning, but not so good
as during prone (the majority of the patients); and
(3) display a deterioration and return to basal supine
oxygenation. The last patients are also called “prone
dependent'®?!, When a patient is turned to the prone
position repeatedly or the prone position is prolonged,
the effect of prone positioning may change with time
and be highly variable (during prone position the
patient can unpredictably display either improvement or
deterioration in oxygenation).

Unfortunately, the factors that influence the time
course of alveolar recruitment and the improvement
in oxygenation during prone positioning have not been
well characterized. These may include the stage of
ARDS (early vs late), the cause (pulmonary vs extra-
pulmonary), the radiologic pattern (patchy vs diffuse),
the severity of hypoxia, the size of initial intrapulmonary
shunt, and the patient’s body habitus®*>******1, Morpho-
logical characteristics from CT scans have also failed to
predict the response to prone positioning™*?.. Although
patient’s response remains still unpredictable, a trial of
prone positioning should be performed in all suitable
candidates.

Our group has examined the effect of prone posi-
tioning in patients with persistent hypoxemia having
either hydrostatic pulmonary edema (HPE), ARDS
or pulmonary fibrosis®’, All patients with HPE and
75% of patients with ARDS exhibited improvement of
oxygenation when positioned prone. In contrast none
of the patients with pulmonary fibrosis responded
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favorably to prone positioning. We have also found that
patients with HPE and early ARDS responded better
to prone positioning than patients with late ARDS
and pulmonary fibrosis did. This suggests that prone
positioning should be applied as early as possible after
the onset of the disease when edema, lung recruitability,
and absence of structural alterations of the lung are
most represented>*,

EFFECT OF PRONE POSITIONING ON
CLINICAL OUTCOME - MORTALITY

Prone positioning in ARDS patients with refractory
hypoxemia has been studied for over three decades and
more than 300 articles can be found in PUBMED under
the terms “prone position” and “"ARDS”. In recent years,
several clinical studies have evaluated the safety and
efficacy of prone positioning in mechanically ventilated
patients with ARDS, but only few were randomized and
enrolled an adequate number of patients®”>7>76131],
Former studies on prone positioning had several limi-
tations. Small sample size, initiation of positioning,
length of time and type of proning, and the absence of
use of lung protective ventilation in conjunction with
proning were identified as limitations.

Gattinoni et al”” studied 304 patients with ARDS
and Pa02/FiO: ratio less than 200 mmHg as an inclusion
criterion. Patients were randomized in conventional
treatment (in the supine position) and predefined
strategy of placing patients in a prone position for six or
more hours daily for 10 d. Although prone positioning
improved oxygenation of patients, the relative risk of
death did not significantly differ between the two study
groups: In the prone group as compared with the
supine group the relative risk was 0.84 at the end of the
study period (95%(CI: 0.56 to 1.27), 1.05 at the time of
discharge from the intensive care unit (95%CI: 0.84 to
1.32), and 1.06 at six months (95%CI: 0.88 to 1.28).
A significant limitation of this study was that no lung
protective ventilation protocol was used”?.,

Guerin et al’® included 802 patients with acute
respiratory failure and PaO:/FiO: ratio less than 300
mmHg in a prospective, unblinded, multicenter con-
trolled trial. Patients were randomly assigned to prone
positioning, that was applied as early as possible for at
least 8 h/d, or to supine positioning. In this study, prone
positioning improved oxygenation and reduced the risk
of VAP, but no significant difference between the two
study groups was evident in regard to mortality. A lung
protective ventilation protocol was not used in this study
as well™®,

Mancebo et al'***! enrolled 136 patients with
severe ARDS (mean PaO2/FiO: ratio 105 mmHg) and
randomized them to prone or supine positioning. In this
study, the duration of prone was significantly higher
in comparison to the previously mentioned trials. In
particular, the prone group was targeted to receive
continuous prone ventilation treatment for 20 h/d contin-
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uously until the patients were ready for weaning from
mechanical ventilation. In addition, a lung protective
ventilation protocol was used. According to the results
of this trial, prone positioning followed a trend for
reduced ICU mortality although the difference was not
statistically significant™*.

In The Prone-Supine II study, a multicenter, un-
blinded, randomized controlled trial, Taccone et a/”*
assigned 342 adult patients with ARDS, receiving mec-
hanical ventilation, with a lung protective protocol, to
undergo either supine or prone (for 20 h/d) positioning
during ventilation. In this study, the long duration of
prone positioning failed to demonstrate any benefit on
survival in all study patients”?.

The only study to date that showed that prone
positioning improves mortality in ARDS patients is the
Proning Severe ARDS Patients (PROSEVA) study®®®. The
PROSEVA study is a randomized controlled trial designed
to determine whether prone-position ventilation, applied
early, would improve the outcome in patients with
severe ARDS. In this study, 466 patients with severe
ARDS (defined as a PaO2z/FiO: ratio < 150 mmHg)
underwent either at least 16 h of prone positioning
or were left in the supine position after 12 to 24 h of
initial conventional mechanical ventilation. The primary
outcome that was investigated was the rate of death at
28 d. The unadjusted 28-d mortality rate was 16.0%
in the prone group compared with 32.8% in the supine
group (P < 0.001)**., The distinctively different findings
in the PROSEVA study can be attributed to several
factors. According to the investigators, the improvement
in the outcome found in this study compared to the
previous ones was related to the shorter period of
enrollment (less than 24 h since ARDS criteria were
confirmed), the longer prone-positioning sessions used
(the prone position was applied for 73% of the time
ascribed to the intervention and was concentrated over a
period of a few days) and the lung protective mechanical
ventilation protocol than was applied™.

The findings of the PROSEVA study are in accordance
with the conclusions of recent meta-analyses including
trials where prone positioning sessions and days of
treatment were prolonged together with the use of lung
protective ventilation protocol, with or without similar
PEEP between the two strategies*'*****1, All these
meta-analyses showed an overall survival benefit of
prone positioning™*>****3¥ The benefit on survival
in these meta-analyses was mainly evident when
prolonged sessions of prone positioning were initiated
in combination with small tidal volumes in patients with
severe hypoxemia!*****!*'¥] Finally, in the most recent
Cochrane review, Bloomfield et a*? included a total
of nine randomized clinical trials. In this meta-analysis,
there was no convincing evidence of benefit nor harm
from universal application of prone positioning in adults
ARDS patients mechanically ventilated in intensive
care units'**”, However, in the same review, in three
subgroups, early implementation, prolonged adoption of
prone positioning and severe hypoxemia at study entry,
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prone positioning may confer a statistically significant
mortality advantage™*”. The basic characteristics of
these meta-analyses are shown in Table 2.

Clinicians intending to use prone positioning the-
rapy face the question of optimal duration of prone
positioning sessions, which still remains controversial.
Early studies were characterized by short prone positio-
ning session of no more than 10 h, ranging between 1-10
h in the majority of the patients”>”%'**, Later studies
used prolonged session of prone positioning, usually
more than 12 hP?*727>%37131 showing better results on
mortality or morbidity but the majority of them did not
achieve statistical significance. In their meta-analysis,
Beitler et al'¥ stratified analysis by high (= 12 h/d)
or low (< 12 h/d) proning dose and demonstrated a
significant reduction in mortality with high doses (RR =
0.71; 95%CI: 0.56-0.90; P = 0.004) but not low doses
(RR = 1.05; 95%CI: 0.92-1.19; P = 0.472)"*%, Lee
et al” showed a negative trend for overall mortality
when the actual duration of prone positioning was
longer, but the effect of the duration of prone positioning
on mortality did not achieve statistical significance (RC
-0.037; 95%CI: -0.089 to 0.013; P = 0.130)"*"\,

Thus, although data regarding optimal exact duration
of prone positioning is far from being sufficient, it seems
that periods of more than 12 h of prone positioning are
needed in order to improve outcome. According to our
experience and the findings of the PROSEVA study, prol-
onged duration of proning even more than 24-36 h, or a
protocol of short period (i.e., 1-2 h) of supine positioning
for daily nursing care between 24-h prone sessions
for 3-5 d are safe and seems to improve outcome in
patients with severe ARDS under lung protective mech-
anical ventilation (unpublished preliminary data).

In summary, despite former small non-randomi-
zed observational studies not showing any beneficial
outcome in regard to prone position in ARDS patients,
newer large randomized trials and recent meta-analyses
show that prone position, when performed early and
in sufficient duration, may improve survival in patients
with severe hypoxemia and in patients ventilated with a
restrict lung protective ventilation protocol characterized
by small tidal volumes.

CONTRAINDICATIONS AND
COMPLICATIONS OF PRONE
POSITIONING

There are only few absolute contraindications to prone
positioning, such as unstable vertebral fractures and
unmonitored or significantly increased intracranial pres-
sure. Hemodynamic and cardiac rhythm disturbances
are strong relative contraindications, since immediate
access for cardiopulmonary resuscitation is limited.
Except for conditions that would make proning impra-
ctical (e.g., the presence of external fixators), for other
relative contraindications (Table 3) one should take into
account the team expertise, and potential complications
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Table 2 Meta-analyses on prone position in acute respiratory distress syndrome patients

Meta-analysis No. of studies included Total Main findings
number of
patients
Sud et al™ 10 1867 Prone ventilation reduces mortality in patients with severe hypoxemia
Gattinoni et al™ 4 1573 The individual patient meta-analysis of the four major clinical trials available clearly

shows that with prone positioning, the absolute mortality of severely hypoxemic ARDS
patients may be reduced by approximately 10%
Lee et al™” 11 2246  Ventilation in the prone position significantly reduced overall mortality in patients with
severe acute respiratory distress syndrome. Sufficient duration of prone positioning
was statistically significant in associated with a reduction in overall mortality

Beitler et al"* 7 2119  Prone positioning was associated with a significant decrease in RR of death only among
studies with low baseline tidal volume
Tonelli et al™ 159 20671 Limited supportive evidence that specific interventions can decrease mortality in
(93 with overall mortality ARDS, while low tidal volumes and prone positioning in severe ARDS seem effective
reported)

(44 trials reported mortality
as a primary outcome)
Park et "™ 8 2141 Prone positioning tends to reduce the mortality rates in ARDS patients, especially
when used in conjunction with a lung protective strategy and longer prone position
durations. Prone positioning for ARDS patients should be prioritized over other
invasive procedures because related life-threatening complications are rare
Bloomfield et al"*"! 9 2165 No convincing evidence of benefit nor harm from universal application of prone
positioning in adults with hypoxaemia mechanically ventilated in intensive care units

Three subgroups (early implementation of prone positioning, prolonged adoption

of prone positioning and severe hypoxaemia at study entry) suggested that prone

positioning may confer a statistically significant mortality advantage

ARDS: Acute respiratory distress syndrome.

Table 3 Absolute and relative contraindications to prone

Table 4 Potential complications of prone positioning
positioning

Edema (facial, airway, limbs, thorax)

Absolute Pressure sores
Unmonitored or significantly increased intracranial pressure Conjunctival hemorrhage
Unstable vertebral fractures Compression of nerves and retinal vessels
Relative Endotracheal tube dislocation (main stem intubation or non-scheduled
Difficult airway management extubation), obstruction or kinking
Tracheal surgery or sternotomy during the previous 15 d Airway suctioning difficulty
New tracheostomy (less than 24 h) Transient hypotension or oxygen desaturation
Single anterior chest tube with air leaks Worsening gas exchange
Serious facial trauma or facial surgery during the previous 15 d Pneumothorax
Increased intraocular pressure Thoracic drain kinking or obstruction
Hemodynamic instability or recent cardiopulmonary arrest Cardiac events
Cardiac pacemaker inserted in the last 2 d Inadvertent dislodging of Swan-Ganz catheter
Ventricular assist device Vascular catheter kinking or removal
Intra-aortic balloon pump Vascular catheter malfunction during continuous veno-venous
Deep venous thrombosis treated for less than 2 d hemofiltration
Massive hemoptysis requiring an immediate surgical or interventional Deep venous thrombosis
radiology procedure Urinary bladder catheter or nasogastric feeding tube displacement
Continuous dialysis Enteral nutrition intolerance; vomiting; feeding complications
Severe chest wall lesions # rib fractures Need for increased sedation or muscle paralysis
Recent cardiothoracic surgery/unstable mediastinum or open chest Difficulty in instituting cardiopulmonary resuscitation

Multiple trauma with unstabilized fractures
Femur, or pelvic fractures + external pelvic fixation
Pregnant women

Recent abdominal surgery or stoma formation

(Table 4), data from clinical studies indicate that the

Kyphoscoliosis maneuver is safe and has a minimal risk profile when
Advanced osteoarthritis or rheumatoid arthritis performed by skilled personnel and in well-selected
Body weight greater than 135 kg patients[23,46,53,54,73,75,76,97,104,117,121,131,132,134,137,139,143—145,

147-159]

. The use of special devices and beds (e.g., Voll-
man Proning Device or RotoProne™. Therapy System)

should be weighed against the feasibility of recruiting a can facilitate the mechanics of safe proning™®****®,
potentially life-saving treatment!?>¢897,141-146] Manual prone positioning proves to be cost-effective
Although the safety of proning has long been a since it can be achieved with a sheet or an assistive
concern because of the risk of serious complications device (e.g., Vollman Proning Device). It is a simple
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technique and allows full access to the patient. The
main disadvantage of the method is that it requires
additional highly skilled nursing resources. The patient’s
size and the number of lines will eventually determine
the number of people required for the turn; it can
take four or more staff members to accomplish safely.
On the other hand, automated prone-positioning
needs one man, minimizes risk during turning and
can provide continuous rotation if required according
to patient’s needs and responses. Unfortunately, the
cost of automated prone-positioning beds is very high.
Besides, quick access to the patient and abdomen
release during mechanical ventilation in prone position
are also a concern. To the best of our knowledge, in the
literature there are no studies comparing manual and
automated prone positioning and the user experience
for automated prone positioning remains limited.

CONCLUSION

This review strongly supports the use of prone positi-
oning in the early management of ARDS systematically
and not as a rescue maneuver or a last-ditch effort.
Large randomized trials and recent meta-analyses
show that prone position, when performed early and in
sufficient duration, may improve survival in patients with
severe ARDS and in patients ventilated with a restrict
lung protective ventilation protocol characterized by
small tidal volumes. The physiological basis of prone
positioning seems to act beneficially in most pathophy-
siological disorders of ARDS improving hemodynamics,
gas exchange and respiratory mechanics. Moreover
prone positioning seems to exert an additional beneficial
effect against ventilator-induced lung injury. The mech-
anisms by which prone positioning improves with
survival, are likely related to its physiologic effects.
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