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Abstract 

Historical background  The prone position was first proposed on theoretical background in 1974 (more advanta-
geous distribution of mechanical ventilation). The first clinical report on 5 ARDS patients in 1976 showed remarkable 
improvement of oxygenation after pronation. 

Pathophysiology  The findings in CT scans enhanced the use of prone position in ARDS patients. The main mecha-
nism of the improved gas exchange seen in the prone position is nowadays attributed to a dorsal ventilatory recruit-
ment, with a substantially unchanged distribution of perfusion. Regardless of the gas exchange, the primary effect of 
the prone position is a more homogenous distribution of ventilation, stress and strain, with similar size of pulmonary 
units in dorsal and ventral regions. In contrast, in the supine position the ventral regions are more expanded com-
pared with the dorsal regions, which leads to greater ventral stress and strain, induced by mechanical ventilation.

Outcome in ARDS  The number of clinical studies paralleled the evolution of the pathophysiological understanding. 
The first two clinical trials in 2001 and 2004 were based on the hypothesis that better oxygenation would lead to a better 
survival and the studies were more focused on gas exchange than on lung mechanics. The equations better oxygena-
tion = better survival was disproved by these and other larger trials (ARMA trial). However, the first studies provided sig-
nals that some survival advantages were possible in a more severe ARDS, where both oxygenation and lung mechanics 
were impaired. The PROSEVA trial finally showed the benefits of prone position on mortality supporting the thesis that 
the clinical advantages of prone position, instead of improved gas exchange, were mainly due to a less harmful mechani-
cal ventilation and better distribution of stress and strain. In less severe ARDS, in spite of a better gas exchange, reduced 
mechanical stress and strain, and improved oxygenation, prone position was ineffective on outcome.

Prone position and COVID‑19  The mechanisms of oxygenation impairment in early COVID-19 are different than in typical 
ARDS and relate more on perfusion alteration than on alveolar consolidation/collapse, which are minimal in the early phase. 
Bronchial shunt may also contribute to the early COVID-19 hypoxemia. Therefore, in this phase, the oxygenation improve-
ment in prone position is due to a better matching of local ventilation and perfusion, primarily caused by the perfusion 
component. Unfortunately, the conditions for improved outcomes, i.e. a better distribution of stress and strain, are almost 
absent in this phase of COVID-19 disease, as the lung parenchyma is nearly fully inflated. Due to some contradictory results, 
further studies are needed to better investigate the effect of prone position on outcome in COVID-19 patients.
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Graphical Abstract

1 � Historical background
In 1974, Charles Bryan was the first to propose, on a 
theoretical basis, to keep in “serious consideration” the 
use of prone position to improve ventilation of the dorsal 
lung regions [1]. His proposal was based on his previous 
study on healthy supine paralyzed patients during anes-
thesia where it was observed that, due to the interaction 
with the abdominal content, the dorsal regions where 
hypoventilated compared to the ventral ones. Two years 
later, Piehl et al. [2] applied prone position to five patients 
with Acute Respiratory Distress Syndrome (ARDS) and 
reported an impressive improvement of oxygenation 
compared to when they were supine. Similar observa-
tions were made by Douglas et al. [3] who reported oxy-
genation improvement in prone position in six patients 
with ARDS. Of note, however, these considerations and 
observations had little impact on the critical care com-
munity. The reasons are not clear, but likely depend on 
the exiguous number of patients studied and on the logis-
tic difficulties to place and keep the patients in prone 
position. In addition, there were all the practical issues 
linked to the prone decubitus, including the impossibil-
ity to perform emergency interventions, the development 
of pressure ulcers, the risk of devices displacement, the 
fear of providing enteral nutrition, etc. In short, it is likely 
that the game was not considered worth the candle.

However, in May 1986, two studies independently 
published reported the anatomy of ARDS as described 
by CT-scan [4, 5]. Both studies showed that the densi-
ties were not homogeneously distributed throughout 
the lung parenchyma, but primarily concentrated in the 
dependent lung regions. These observations led us to 
prone patients assuming that the ventral regions of the 
lung could be better perfused in prone position, thus 
justifying the oxygenation improvement seen in most 
of patients. However, when we performed CT-scans in 

prone position, we found that the lung densities redistrib-
uted with the change in position from dorsal to ventral 
zones [6, 7], thus disproving the hypothesis that the pri-
mary mechanism of oxygenation improvement was the 
change in regional perfusion. One year later, Albert et al. 
[8] confirmed the oxygenation improvement in experi-
mental animals, but the mechanism was still elusive, as 
functional residual capacity (FRC) and lung mechan-
ics, as well as the diaphragm position were unmodified 
in prone position despite improvement in oxygenation. 
Since then, the number of studies on ventilation in prone 
position progressively increased year on year (Fig.  1), 
until the latest “explosion” of the use of prone position 
during the COVID-19 pandemic. We believe that the 
prone position may be considered a model on how the 
clinical medicine may progress. Indeed, over the years, 
it has been a continuous exchange between physiologi-
cal, observational studies and randomized controlled tri-
als (RCT). The initial hypothesis on the diversion of lung 
perfusion as a cause of oxygenation improvement and 
the improved oxygenation as a cause of better survival 
has been rejected in favor of alternative mechanisms of 
improvement in gas exchange, indications for its use and 
the effects on survival.

In this review we will discuss those aspects we believe 
to be more relevant, discussing at the end the prone posi-
tion in patients with COVID-19, highlighting how this 
condition is different from the classical ARDS.

2 � Physiology of prone position
2.1 � Gas exchange
2.1.1 � Oxygenation
To better understand the physiological modifications 
occurring during prone position in patients with ARDS, it 
is worth to starting from the pathophysiological features 
of this syndrome. ARDS is a life-threatening condition, in 
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which the primary pathological root is an acute inflam-
matory lung injury,  where the increased pulmonary 
vascular permeability leads to the development of lung 
edema and atelectasis [9]. A typical radiological feature 
of the ARDS lung in supine position is a progressive 
increase in lung density from the sternum to the vertebral 
column, which corresponds to a progressive decrease 
in the percentage of aerated lung tissue [4, 10].  This 
has been well explained through the idea of a lung as a 
sponge – “the sponge model” (Fig.  2)  [11]. Indeed, the 
ARDS lung can be compared to a wet sponge,  where 
edema is quite evenly  distributed [12]. Because of the 
hydrostatic pressure progressively exerted by the heavy, 
edematous lung parenchyma on the tissue underneath, 
gas is squeezed out from the dorsal regions (dependent in 
supine position), while the ventral nondependent regions 
remain well aerated – the so-called “baby lung” [13, 14]. 
The heart weight contributes to the compression of the 
dorsal lung parenchyma in supine position [15].

One proposed mechanism to explain the observed oxy-
genation improvement in prone position was an increase 
in end-expiratory lung volume [3], but this finding was 
not confirmed in subsequent experimental [8] and clini-
cal studies [16]. Another possible cause of oxygenation 
improvement was proposed as an increased gravity-
dependent perfusion of the baby lung in prone position, 

as the baby lung was hypothesized as a fixed anatomi-
cal entity located in the dorsal area of the thoracic cage 
[6]. This hypothesis, however, also proved to be flawed, 
as CT-scans clearly showed that the baby lung is a func-
tional rather than an anatomical entity [17]. Indeed, after 
pronation the lung densities redistributed from dorsal to 
ventral (Fig. 3) [7]. The dorsal regions, no more subjected 
to the pressure of the superimposed lung, tended to reo-
pen, while the ventral regions tended to collapse under 
the superimposed pressure. If – with the change in posi-
tion – the reopening of the dorsal lung tissue is greater 
than the ventral collapse, a net recruitment is achieved 
(this occurs in the majority of the patients) and this net 
recruitment is associated with increased oxygenation if 
the perfusion of the previously collapsed areas remains 
unchanged. Actually, this has been confirmed in a series 
of studies that demonstrated that the pulmonary regional 
perfusion is substantially gravity independent and that 
the dorsal regions remain equally perfused in prone and 
supine, leading to oxygenation improvement if the net 
recruitment occurs [18–22].

2.1.2 � CO2 clearance
In prone position, the arterial partial pressure of CO2 
(PaCO2) could either, decrease, increase or remain 
unchanged compared to supine, depending on the 

Fig. 1  Number of studies per year about “prone position” and “ventilation”. The research was conducted in PubMed, suing as search query: “prone 
position” AND “ventilation”
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relative variations in lung perfusion and alveolar ven-
tilation, which must be clearly distinguished from the 
changes in lung inflation. The PaCO2 decreases when 
the net recruitment is the prevailing phenomenon dur-
ing prone [23]. Indeed, the ventilation is redirected from 
the ventral regions now collapsed, to the dorsal regions 
now recruited. If the balance between these two opposite 
phenomena favors an overall decrease of ventilation/per-
fusion ratio, the CO2 clearance increases and therefore 

the PaCO2 decreases. This has been associated to greater 
survival [24, 25]. In contrast, if poor alveolar recruitment 
occurs (i.e., the dorsal recruited pulmonary units are 
fewer than the ventral collapsed ones), the upright diver-
sion of the ventilation may lead to an increase of the dead 
space fraction. This may lead to an increase in PaCO2. 
When these two phenomena are balanced, the PaCO2 
may remain unmodified between prone and supine posi-
tion. It is important to understand the possible factors 

Fig. 2  Hydrostatic pressure – The sponge model. The lung of a patient with ARDS, characterized by interstitial edema, can be considered as a wet 
sponge. According to a gravity-dependent gradient, the edematous lung tissue exerts a hydrostatic pressure over the tissue below, leading to lung 
collapse in the dependent regions

Fig. 3  CT-scans in supine vs. prone position at end-expiration. Representative CT-scans of a patient with ARDS, showing that lung densities 
redistribute from the dorsal to ventral regions when moving from supine to prone position
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leading to a dissociation between oxygenation and CO2 
clearance. Indeed, an inflated and perfused pulmonary 
unit is required to oxygenate the arterial blood. In con-
trast, if the same inflated unit is hypoventilated, i.e. the 
exchange of gas into the unit is decreased, the CO2 is not 
cleared and we observe an increase in both arterial par-
tial pressure of O2 (PaO2) and PaCO2.

2.2 � Lung mechanics
The primary alteration of lung mechanics when shifting 
from prone to supine is a decrease of chest wall compli-
ance. Because of the anatomical conformation of the rib 
cage, its ventral part (sternum) is much more deform-
able than its posterior one (spine). When lying supine, 
the stiff dorsal part of the rib cage is in contact with the 
bed, while the deformable ventral part is able to expand 
(Fig.  4). It follows that most of alveolar ventilation will 
inflate the ventral rather than the dorsal lung regions. On 
the other hand, in prone position, chest wall compliance 
is decreased [16, 26, 27], as only the stiff dorsal part is 
free to move. Therefore, during prone position, the nor-
mal reaction is a decrease in total compliance of the res-
piratory system, due to the relative increase in the chest 
wall component. Consequently, when the patient is put 
in prone position during volume-controlled ventilation, 
the plateau pressure and the measured compliance will 
decrease. If the plateau pressure decreases, it indicates 
that the increased lung volume due to the recruitment 
– and therefore lung compliance – increases proportion-
ally more than the decrease in the chest wall compliance. 
If the plateau does not change, it means that the natural 
decrease of chest wall compliance is compensated by 
the increase of lung compliance [16]. Another interest-
ing finding, noticed in supine position, is that a manual 
compression of the chest wall may result in a paradoxi-
cal increase of tidal volume during volume-controlled 
ventilation, or a decrease in plateau pressure during pres-
sure-controlled ventilation [28]. This phenomenon, when 
present, unmasks the presence of lung hyperinflation, 
a condition in which the decrease of chest wall compli-
ance by manual compression leads to a reduction in the 
hyperinflated lung volume, placing the lung in a more 
favorable position of pressure–volume curve. Hyperinfla-
tion, revealed by this maneuver, is often associated with 
hypercapnia and hypoventilation, as discussed above. In 
addition, the manual compression of chest wall in supine 
position partially mimics the chest wall compliance 
reduction observed in prone, with possible redistribution 
of ventilation to the less aerated dependent regions. A 
synchronization between tidal insufflation and chest wall 
compression has been patented decades ago [29].

These conformational changes of chest wall and lung 
anatomy, when shifting from supine to prone, leads to 

changes of aeration into the lung parenchyma which may 
be summarized as follows:

	 i.	 Homogenization of transpulmonary pres‑
sure.  The transpulmonary pressure (Ptp), i.e. the 
difference between the airway pressure and pleural 
pressure (Ptp = Paw – Ppl), is the pressure respon-
sible for lung distension. As pleural pressure var-
ies according to a gravity-dependent gradient, the 
transpulmonary pressure progressively decreases 
going from the nondependent to the dependent 
regions, leading, in supine position, to a greater 
inflation/ventilation in the nondependent com-
pared to dependent lung units [30]. In contrast, 
during prone position, the pleural and transpul-
monary pressure gradients were found reduced, 
leading, in this position to a more homogeneous 
distribution of inflation/ventilation. This has been 
observed both in healthy and injured lungs (Fig. 5) 
[31, 32].

	 ii.	 Thorax-lung shape mismatch. The reduction in 
pleural pressure gradient is likely due to the inter-
action between gravity and the need for the lung 
and the chest wall to adapt their original shapes to 
occupy the same volume. In fact, the lung can be 
modeled as a cone having as base its dorsal surface, 
and the shape of the chest wall can be  approxi-
mated the one of a cylinder (Fig. 6). In the supine 
position, gravity and the thorax-lung shape match 
act in an additive way: while the dorsal regions of 
the lung tend to collapse under the effect of grav-
ity, the ventral regions tend to expand for the 
combined effects of gravity and the need to adapt 
to the shape of the chest wall. On the contrary, in 
the prone position, these two mechanisms balance 
each other: the dorsal regions tend to expand under 
the effect of gravity, while in the ventral regions the 
gravity-dependent tendency to collapse is counter-
acted by the tendency to expand to match the chest 
wall shape. Therefore, inflation of the dependent 
and nondependent pulmonary units is far  more 
similar in prone than in the supine position  [33, 
34].

	iii.	 Lung mass distribution. Due to the anatomi-
cal conic shape of the lung, the amount of tissue 
in the dorsal regions of the lung is greater than 
the one in the ventral part. In fact, at 50% of the 
sternum-vertebra distance, the dependent lung 
mass is about 60% of the total in the supine posi-
tion, while it decreases to about 40% in the prone 
position. Consequently, fewer mass can collapse in 
the dependent zones in prone as compared to the 
supine position (Fig. 7) [32].
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Fig. 4  Chest wall compliance is the sum of three components: anterior (sternal), posterior (dorsal) and diaphragmatic. The anterior chest wall is 
more compliant than the posterior one, due to anatomical reasons. Therefore, in supine position the gas is mainly distributed primarily towards the 
anterior and diaphragmatic regions and less to the posterior ones. In prone position, the anterior chest wall compliance decreases, the dorsal one 
increases, though not reaching the values of the sternal compliance in supine. The diaphragmatic compliance is substantially unmodified. Thus, the 
final result is that in prone position the total respiratory system compliance decreases if the lung compliance remains unmodified

Fig. 5  Homogenization of gas/tissue distribution. Representation of gas/tissue ratio, i.e. an index of regional lung inflation derived from CT-scans 
analysis, as a function of lung height in the supine (diamonds) and prone (circles) positions. A height of 0% refers to the nondependent surface 
of the thorax (ventral in the supine position and dorsal in the prone position). Conversely, a height of 100% refers to the dependent surface of the 
thorax. The green symbols refer to normal lungs (n = 14), while the red symbols to lungs of patients with ARDS (n = 20). Adapted from reference [32]
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2.3 � Hemodynamics
Although the regional distribution of pulmonary blood 
flow remains unchanged in prone compared to supine 
position, several hemodynamics variations have been 
reported, as, during flat prone position, an increase of 
central venous pressure and central blood volume. This 
is due to the shift of splanchnic blood  volume to the 
thorax related to  the lowering of the trunk and to the 
compression of the splanchnic compartment [35–37]. 
This leads to a rise in pulmonary  arterial occlusion 
pressure  (PAOC) and, consequently, to a reduction of 
the transpulmonary vascular gradient (the difference 
between mean pulmonary arterial pressure and PAOC). 
Of note, high transpulmonary gradient defines vascu-
lar dysfunction, which is a major independent factor 
associated with mortality in ARDS [38]. Furthermore, 
a rise in PAOC might result in pulmonary vascular 
recruitment: as pulmonary venous pressure rises back-
wards, some pulmonary units could move from the 
West zone 2 to West zone 3, thus decreasing the dead 
space. This phenomenon, together with the decrease in 
PaCO2, the decrease in hypoxic vasoconstriction  and 
the decrease in airway pressure due to a more homo-
geneous distribution of ventilation, accounts for a 

decrease in pulmonary vascular resistances [37]. These 
physiological changes explain the observed better func-
tion of the right ventricle, which benefits from both 
higher preload and decreased afterload. Indeed, Vieil-
lard-Baron et  al. [39] showed how the use of prone 
position leads to a decrease of right ventricular dila-
tion  and septal dyskinesia, together with a significant 
increase in cardiac index  and a decrease in heart rate 
in a group of patients with acute cor pulmonale during 
ARDS. The increase in central venous blood can also 
result in an increase in cardiac output [40, 41]. Of note, 
Jozwiak et  al. [37] analyzed a cohort of ARDS patients 
with dilated right ventricle and reported an increase of 
cardiac index associated with right ventricle unload-
ing only when preload reserve was observed in supine 
position. Lastly, some more benefits provided by prone 
position on hemodynamics are a decreased incidence 
of cardiac arrest, as observed in the prone position 
group of the Proning Severe ARDS Patients (PROSEVA) 
study [42], and of arrhythmias, as shown by a systematic 
review [43].

Some minor side effects of prone position on hemo-
dynamics have also been reported. They mainly consist 
in an increase in left ventricle afterload due to the com-
pression of abdominal arteries, which could adversely 
affect left heart function, decrease splanchnic perfusion 

Fig. 6  Thorax-lung shape mismatch. In this schematic representation of a transverse section of the thorax, the lung is represented as an orange 
triangle, while the pleural cavity is represented as a yellow oval. The isolated lung, in absence of gravity, can be thought of as a triangle, with 
all alveolar units of the same size. When the lung is placed into the thoracic cage, the apex of the cone stretches to adapt to the oval shape of 
the pleural cavity, which leads to an increase in size of the units in this area. When gravity is added, the units in the lower part of the lung tend 
to collapse due to the superimposed pressure of the units above. If the patient is then pronated, the hydrostatic pressure effect and the shape 
mismatch act in opposite directions, leading to a more homogeneous distribution of ventilation
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and increase renal vascular resistance. However, this 
effect is modest (the observed rise in mean arterial pres-
sure is only of approx. 5 mmHg) [37] and no detectable 
alteration of either gastric intramucosal energy balance 
[41] or renal perfusion [40] has been reported.

3 � The clinical trials
Prone position is nowadays part of the standard of care 
for patients with moderate-severe ARDS. However, sev-
eral RCTs were required before showing a significant 
benefit of prone position on outcome [42]. See Table 1 for 
summary.

First randomized trial: in the early 2000s, Gattinoni 
et  al. [44] conducted a RCT on 304 patients, aiming to 
determine whether this technique, already widespread 
at that time, could improve outcome. Patients were 
assigned either to usual care or cyclic pronation, with 
proning sessions of at least 6 h per day over a period of 
10 days. Patients were evaluated each morning while lay-
ing supine and, if they fulfilled acute lung injury (ALI)/
ARDS criteria, they were proned. Mortality at 10  days, 
at discharge from ICU and at six months did not dif-
fer significantly between the two groups. This result 
was somehow unexpected, as patients in the prona-
tion group showed a significant increase in oxygenation, 
with a median increase in PaO2/FiO2 by 44  mmHg and 
an increase in PaO2/FiO2 by more than 10% in 73% of 
the study population. The variability in response among 
individuals remained high. When adopting the supine 
position again, part of the improvement in oxygenation 
due to prone position was lost. However, these patients 
showed better PaO2/FiO2 ratios as compared to control 
group, even when evaluated in the supine position. A 

question arose: why did prone position not work? A par-
tial explanation was given by authors themselves, who 
hypothesized that the potential benefits of prone position 
may become evident only when the technique is adopted 
either in the most severe patients or for longer periods 
of time. Indeed, in the same study, a post-hoc analysis 
conducted on patients with lower PaO2/FiO2 ratio (PaO2/
FiO2 < 88) showed improved survival at 10 days (23% vs. 
47%). The same positive benefit was also present in the 
quartile of patients with the highest SAPS II scores. Mor-
tality, instead, remained the same in the longer run (no 
difference at ICU discharge). The authors concluded 
that prone position could have either delayed  the inevi-
table outcome of death in these more severe patients, 
or, alternatively, that the duration of pronation was not 
sufficient to assure a long-lasting reduction in mortal-
ity. Interestingly, few years later the same authors pub-
lished a secondary analysis [24] using the data of the 
aforementioned study, aiming to assess if gas exchange 
improvement due to prone position could be predictive 
of an improved outcome. The study highlighted how the 
“responders” (patients whose PaO2/FiO2 ratio improved 
after pronation) had, surprisingly, the same outcome as 
“non-responders”. This was one of the first studies sug-
gesting the potential benefits of prone position on out-
come might not rely on improved oxygenation, but rather 
on a less injurious mechanical ventilation, due to a more 
homogenous distribution of stress and strain within 
the respiratory system. Giving these premises, a further 
investigation was necessary.

Second randomized trial: few years later, Guérin et al. 
published on JAMA [45] the results of a RCT, in which 
791 patients with acute hypoxemic respiratory failure 

Fig. 7  Lung mass distribution. Due to its anatomical conformation, most of lung parenchyma is located in the dorsal part of the thorax. The letter 
“U” indicates the upper part of the lung, while the letter “L” indicates the lower one. At 50% of the sternum-vertebra distance, the nondependent lung 
mass in the supine position is less than 40%, while it rises to almost 60% in the prone position
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from all causes were assigned either to cyclic pronation 
sessions (8 h/day) or to standard care. Despite the huge 
number of subjects involved, no differences in 28 and 
90  day mortality were found. These “negative” results, 
however, must be cautiously interpreted, as only about 
50% of patients in both arms met the criteria for ALI/
ARDS. Mortality in this heterogeneous population may 
depend on several factors, some of which independent 
from the type of mechanical ventilation applied.

Third randomized trial: in order to address the ques-
tions left unanswered by previous trials, in 2006 Mancebo 
et al. [46] published a study in which ARDS patients, 48 h 
after intubation and start of mechanical ventilation, were 
randomized either to continuous prone position (20  h/
day) or to standard care. Ventilator settings and wean-
ing procedures were standardized in the two groups. 
The study was designed to show a difference in mortal-
ity of 20% and it required 200 patients. Unfortunately, the 
authors managed to enroll only 142 participants; none-
theless, the results were sound. The patients in the inter-
ventional arm of the study were kept prone for an average 
of 17  h/day, over an average of 10  days. As expected, 
prone patients needed lower FiO2 and positive end expir-
atory pressure (PEEP) levels, which allowed also to keep 
slightly lower plateau pressures. Mortality at ICU dis-
charge was 58% in the supine group and 43% in the prone 
one; the results did not reach classical statistical signifi-
cance, likely due to the lower-than-planned number of 
patients enrolled. Therefore, despite the non-significant 

results, the study showed an 15% absolute and a 25% rela-
tive reduction in mortality. Furthermore, the results of 
a multivariable logistic regression indicated the random 
allocation to the supine position was a risk factor for 
mortality, with an OR of 2.53. In conclusion, the study 
by Mancebo et. al was the first one evaluating the  use 
of early and continuous prone position in a population 
of ARDS patients; the results, despite non-significant, 
were and still are of invaluable interest for the scientific 
community.

Fourth randomized trial: on the wave of the study 
performed by Mancebo et  al., the Prone-Supine Study 
Group (the same authors of the paper by Gattinoni et al. 
[44])  organized a second multicenter RCT – the Prone 
Supine II (PSII) [47] – overcoming the recognized limi-
tations from 2001 trial. As in Mancebo’s, patients in the 
PSII study were randomized to receive prolonged prona-
tion within 72 h from ARDS diagnosis or standard care. 
A total of 342 patients was enrolled, prospectively strati-
fied in a group with moderate hypoxemia (PaO2/FiO2 
ratio  between 100 and 200  mmHg) and severe hypox-
emia (PaO2/FiO2 ratio < 100 mmHg). Patients underwent 
a mean of 8.4 ± 6.3 pronation sessions, with an average 
duration of 18 ± 4  h. The primary outcome, mortality 
at day 28, was not different in the two groups (31% vs. 
32.8%, RR 0.97, P = 0.72), while, in patients with more 
severe hypoxemia, mortality was 37.8% in the prone 
group vs. 46.1% in the control group (RR 0.87, P = 0.31). 
Similar results were obtained also for the 6-month 

Table 1  Clinical trials on prone position

Gattinoni et al. (NEJM, 
2001) [44]

Guérin et al. (JAMA, 
2004) [45]

Mancebo et al. 
(AJRCCM, 2006) [46]

Taccone et al. (JAMA, 
2009) [47]

Guérin et al. (NEJM, 
2013) [42]

Patients (n) 304 802 142 344 466

Enrollment period 1996–1999 1998–2002 1998–2002 2004–2008 2008–2011

Inclusion criteria • P/F < 200 at 5 cmH2O 
PEEP or
• P/F < 300 at 10 cmH2O 
PEEP

ARF from any cause 
with P/F < 300

ARDS according to the 
AECC definition

ARDS according to the 
AECC definition

P/F < 150 with PEEP ≥ 5 
cmH2O and FiO2 ≥ 60%

Average P/F ratio at 
enrollment

127 ± 48 152 ± 59 161 ± 94 (supine)
132 ± 74 (prone)

113 ± 39 100 ± 25

Average PEEP at enroll-
ment

10 ± 3 8 ± 3 8 ± 2 10 ± 3 10 ± 3.5

Average tidal volume 
used (mL/kg)

10.3 ± 2.8 11 ± 3 8.4 ± 1.7 8 ± 1.7 6.1 ± 0.6

Stabilization after meet-
ing inclusion criteria

No  > 12–24 h  < 48 h  < 72 h  < 36 h

Duration of prone posi-
tion (hours/day)

7 ± 1.8 8 (7.7 – 9.8) 17.7 18 ± 4 17 ± 3

Number of days prone 4.7 4 (2–6) 10 ± 10 8 ± 6 4 ± 4

Mortality (prone vs. 
supine)

• 50.7% vs. 48% at ICU 
discharge
• 62.5% vs. 58.6 at 
6 months

• 32.4% vs. 31.5% at 
28 days
• 43.3% vs. 42.2% at 
90 days

• 43% vs. 58% at ICU 
discharge

• 31% vs. 32.8% at 
28 days
• 47% vs. 52.3% at 
6 months

• 16% vs. 32.8% at 
28 days
• 23.6% vs. 41% at 
90 days
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mortality: in the most severe patients, authors were able 
to show a 10% mortality reduction in the prone group 
compared to controls (RR 0.78, P = 0.19). Overall, the 
results of the study were consistent with the prior find-
ings, yet still unable to demonstrate clearly the benefits 
of prone position. The authors concluded that its use in 
an unselected ARDS population may not be indicated as 
a treatment, but for the most severe patients, it must be 
further investigated, as the benefits could outweigh the 
complications, given the strong pathophysiological back-
ground and the findings of the previous studies.

Fifth randomized trial: in 2013, Guérin et  al. published 
the results of the PROSEVA study  on the New England 
Journal of Medicine [42]. It was a multicenter RCT involv-
ing 26 ICUs in France and one in Spain. In order to trans-
late the known physiological benefits of prone position 
into a better outcome for patients, the study provided very 
clear enrollment criteria, aiming to focus only on the most 
severe patients. Inclusion criteria were: mechanical ven-
tilation for less than 36 h, a PaO2/FiO2 ratio less than 150, 
PEEP of at least 5 cmH2O and a FiO2 equal or greater than 
0.6. The confirmation of these criteria was checked after 
12–24  h of mechanical ventilation. Particularly, including 
a short stabilization period after the initiation of mechani-
cal ventilation allowed to select only the subjects with the 
most compromised lungs. Of the 474 randomized patients, 
466 were included in the final analysis (supine = 229, 
prone = 237) and in both groups the main cause of ARDS 
was pneumonia (58.1% supine vs. 62.4% prone). The char-
acteristics at baseline were not different in the two groups 
and enclosed a quite severe population of ARDS patients. 
Indeed, the mean PaO2/FiO2 ratio at enrollment was 
100 ± 20 in the supine group and 100 ± 30 in the prone 
group, with a mean PEEP level of 10 cmH2O and a mean 
FiO2 of 79% in both groups. Protective ventilation with a 
tidal volume of 6 ml/kg PBW was used, resulting in mild 
respiratory acidosis (PaCO2 52 ± 32  mmHg in the supine 
group vs. 50 ± 14 mmHg in the prone group; pH 7.30 ± 0.10 
in both groups). Patients assigned to the pronation arm of 
the study underwent the first session 34 ± 24 h after intu-
bation; the mean number of sessions per patient was 4 ± 4, 
and the sessions lasted an average of 17 ± 3 h. In the first 
week after randomization, respiratory mechanics and gas 
exchange were measured daily. As expected, the pronation 
arm showed lower PEEP and FiO2 values, higher PaO2/FiO2 
ratios and slightly better respiratory mechanics with lower 
plateau pressures. Crossover from the supine to the prone 
group was a rare event and occurred only in 17 cases. This 
was due to strict criteria, which allowed crossover only 
for patients with refractory hypoxemia (PaO2/FiO2 < 55 
with FiO2 of 0.1), in spite of PEEP optimization and use of 
adjunctive therapies, such as inhaled nitric oxide or intrave-
nous almitrine. Notably, their use was higher in the supine 

group than in the prone one. Mortality was evaluated at 28 
and 90 days. Patients assigned to pronation group had 16% 
mortality rate at 28 days compared to 32.8% of the supine 
group (HR 0.39, p < 0.001); the same benefit was also pre-
sent at 90 days (23.6% vs. 41% mortality, HR 0.44, p < 0.001). 
Eventually, prone patients were successfully extubated 
more often and had more ventilator free days. The study by 
Guérin is a landmark in the literature of ARDS treatment. 
The severity of the population studied, the precocity of the 
intervention and the prolonged application of the prone 
position were all factors which contributed to the positive 
results of the study and allowed the scientific community 
to define once for all, until proven otherwise, who are the 
patients prone position is indicated for and which “dose” 
(length of treatment) is necessary to improve outcome.

3.1 � Why should prone position affect outcome
It must be always remembered that whatever respiratory 
technique applied in ARDS just aims to buy time neces-
sary for the recovery from the disease leading to ARDS 
while maintaining gas exchange compatible with life. 
Therefore, when we compare different techniques, being 
the benefits the same (i.e., adequate gas exchange), we 
are actually comparing the harms associated with them. 
Indeed, all the large trials, such as EOLIA and ARMA, 
did not find any relationship between oxygenation and 
outcome [48, 49]. Indeed, what matters is the cost of 
different technique to provide the same benefit. In this 
framework, the reasons why prone position may provide 
benefit by decreasing the ventilation harm may be sum-
marized as follows:

•	 The prone position is always associated with a more 
homogeneous distribution of inflation throughout 
the lung parenchyma. This implies that whatever 
ventilation applied in prone is more homogenously 
distributed than in supine, avoiding/dumping focuses 
of harmful stress and strain applied to the extracel-
lular lung matrix, i.e. the primary cause of ventilator-
induced lung injury (VILI) [50]. The effects of prone 
position on lung protection were described in stud-
ies conducted both on animal models [51, 52] and on 
patients with ARDS [53, 54]. In addition, the use of 
the prone position is associated with decreased lung 
inflammation in patients with ARDS [55], resulting in 
a reduction of biotrauma [56]. These mechanisms of 
VILI reduction are attributed to the mortality benefit 
of prone position reported in the PROSEVA trial as 
well as in other observational studies in ARDS and 
COVID-19 ARDS [57].

•	 The better oxygenation in prone position implies the 
possible use of lower FiO2, thus avoiding and limiting 
whatever problem of oxygen toxicity [58].
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•	 Prone position facilitate the mobilization and drain-
age of secretions  [59], with significant reduction in 
the risk of ventilator-associated pneumonia (VAP) 
[47, 60–62].

4 � Clinical application
4.1 � Indications
As a consequence of the results of the PROSEVA study, 
prone position is currently part of the standard of care 
for patients suffering from moderate-severe and severe 
ARDS (i.e., PaO2/FiO2 < 150 mmHg with at least 5 cmH2O 
PEEP) [63], as a technique to reduce mortality.

In contrast, its use in patients with mild-moderate and 
mild forms of the syndrome (PaO2/FiO2 > 150  mmHg) 
is questionable. So far, no randomized trials have suc-
ceeded in demonstrating a mortality reduction in patients 
with ARDS and PaO2/FiO2 > 150  mmHg. Nevertheless, 
both randomized studies and meta-analyses conduced 
on patients with mild or moderate ARDS were markedly 
underpowered for a mortality endpoint. Thus, they are 
not sufficient to prove that prone position is not beneficial 
in this conditions, and additional studies are needed [64]. 
Moreover, it is important to underline that prone venti-
lation must not be considered as a rescue therapy any-
more. In fact, as its main benefit rely on VILI prevention, 
it should be used as a routine procedure, and should be 
initiated early in the course of ARDS rather than in a late 
phase, when VILI has already been established [57, 65].

4.2 � Contraindications
Absolute contraindications to prone positioning are lim-
ited to spinal instability [65].

Other relative contraindications have been proposed, 
including unstable pelvic or long bone fractures, rheu-
matoid arthritis affecting the atlanto-occipital joint, open 
abdominal wounds, severe burns, late-term pregnancy, 
increased intracranial pressure, and severe hemodynamic 
instability. In these conditions, higher risks of complica-
tions following prone positioning are expected, but they 
should be balanced with the known benefits provided by a 
potentially life-saving treatment. Moreover, some precau-
tions can be taken to minimize the risk of complications. 
For example, before proning, fractures should be stabi-
lized, while wounds and burns can be properly dressed. 
Similarly, patients with rheumatoid arthritis affecting 
the atlanto-occipital joint can be proned after placing of 
a neck collar. Pregnant women can undergo prone posi-
tioning provided that attention is given to limit abdominal 
and pelvic compression and continuous fetal heart tones 
monitoring is used. Intracranial hypertension, which 
could worsen during prone position due to the partial 
obstruction of cerebral venous drainage, it ought to be 

controlled by measuring intracranial pressure, using it as 
a guidance to correctly position the head and neck. Con-
cerning hemodynamic instability, it is true that all patients 
were hemodynamically stable at the time of inclusion in 
the PROSEVA study; on the other hand, as previously 
explained, prone position is not related per se to hemo-
dynamic impairment, while it could even improve hemo-
dynamics. Therefore, a careful risk-benefits assessment 
should be carried out before performing prone procedure, 
considering the characteristics of each single patient and 
the expertise of the medical and nursing team.

Finally, it is worth noting that obesity, while making 
prone procedure more challenging, is not to be con-
sidered a contraindication. Indeed, prone position has 
been proved to be beneficial in obese anesthetized sub-
jects by improving pulmonary function, lung compli-
ance and oxygenation [66]. Furthermore, prone position 
can be also used with patients on extracorporeal circu-
lation (extracorporeal membrane oxygenation (ECMO) 
or extracorporeal CO2 removal (ECCO2R)) or ventilated 
through tracheotomy tubes, provided cannulas/tubes are 
handled with care in order to avoid undue torsion.

4.3 � Prone position maneuver
There are several ways to move a patient from supine to 
prone position, and most centers have developed their 
own local protocol to perform prone procedure, in order 
to minimize risks for both patients and staff (back inju-
ries). An algorithm describing in detail how to perform 
safe prone position maneuver has been proposed by 
Messerole et al. [67].

In general, prone position maneuver should be per-
formed by at least 3 people, one at each side of the bed 
and one (usually a physician) at the head of the bed, tak-
ing care of the endotracheal tube and central lines. When 
performed in ECMO or ECCO2R patients, one more 
person is needed to look after the extracorporeal circuit. 
During prone position maneuver, the standard moni-
toring should include pulse oximetry and invasive arte-
rial blood pressure. After increasing FiO2 to 100%, the 
patient is carefully turned in lateral decubitus (either left 
or right, generally turning his/her face toward the ven-
tilator) and then to prone position, with head turned to 
the left or right to minimize facial trauma and arms in a 
comfortable position to prevent brachial plexus injuries. 
Then, endotracheal tube and central venous catheters 
must be secured, after checking their correct position 
and function. Thereafter, the patient should be tilted into 
reverse Trendelenburg to reduce the risk of esophageal 
reflux and/or aspiration. Eyes occlusion is recommended 
to prevent conjunctivitis and corneal ulcerations, as well 
as padding for body areas in contact with the bed (e.g., 
eyes, cheeks, breasts, anterior iliac spines).
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Prone position usually does not require any additional 
monitoring. Electrocardiographic leads might be placed 
on the back to reduce damage to chest skin. Ventilation 
can be adjusted, in order to achieve protective ventilation 
(low tidal volume around 6 mL/kg predicted body weight, 
plateau airway pressure less than 30 cmH2O) [68] and 
adequate PaCO2. More frequent endotracheal aspiration 
may be needed, because a larger amount of airway secre-
tions may deposit into the endotracheal tube. In order 
to prevent facial skin breakdown, face should be turned 
from one side to the other every 2–4 h. The utilization of 
thoraco-pelvic supports did not prove effective [69].

Prone position is generally accompanied by continuous 
neuromuscular blockade [42]. As a consequence, deep 
sedation is also often necessary.

4.4 � Duration and stopping criteria
Since the benefits of prone position relate to the 
decreased damage due to mechanical ventilation, the 
longer the time spent daily in the prone position, the 
higher is the lung protection [70, 71]. Unfortunately, the 
exact time threshold required to optimize benefits of 
prone position is still unknown. Recently, a meta-analysis 
conducted by Munshi et al. [72] found reduced mortality 
when prone position was applied for at least 12 h daily, 
while the PROSEVA study aimed to maintain prone posi-
tion for at least 16 consecutive hours [42].

The usual criteria for stopping prone ventilation and 
turn the patient back to the supine position are deteriora-
tion of PaO2/FiO2 ratio by more than 20% as compared to 
supine or the occurrence of a life-threatening unsched-
uled complication (e.g., nonscheduled extubation, main-
stem bronchus intubation, hemoptysis, sudden decrease 
in oxygenation, cardiac arrest).

In the PROSEVA study, cycles of prone positioning 
were repeated every day, even if the previous prone ses-
sion did not show any improvement in oxygenation, 
until improvement in oxygenation in supine position was 
reached (PaO2:FiO2 ≥ 150 mmHg with PEEP ≤ 10 cmH2O 
and an FiO2 ≤ 60%, at least 4  h after the end of the last 
prone session). The mechanisms explaining the outcome 
improvement are complex and, thus, a lack in oxygena-
tion improvement should not be considered a criterion to 
stop proning sessions [57].

4.5 � Side effects
The most severe and dangerous reported complications 
concern airways control (i.e., accidental extubation, selec-
tive bronchial intubation and endotracheal tube obstruc-
tion) or device displacement (e.g., of thoracic tubes, 
vascular catheters or extracorporeal cannulas). Other 
referred adverse effects consist in transient hypotension 

and/or desaturation (mainly occurring during the pron-
ing maneuver), vomiting, arrhythmias and cardiac arrest. 
Moreover, frequently observed complications were pres-
sure ulcers (more frequent as compared to the supine 
position [73]), facial and ocular edema due to vascular 
stasis, retinal damage and brachial plexus neuropathy.

Interestingly, the PROSEVA study showed no differ-
ence in adverse effects between supine and prone groups, 
except for cardiac arrest (more frequent in the supine 
group) [42]. This might suggest that ICU team’s expe-
rience in managing prone position could prevent the 
development of most complications.

A series of recent meta-analysis reported no differ-
ences between prone and supine positions for risks of 
unplanned central catheter removal, unplanned extu-
bation, barotrauma, pneumothorax, cardiac arrest, 
brady- or tachyarrhythmias, or ventilator-associated 
pneumonia. Conversely, there were increased risks of 
endotracheal tube obstruction and pressure ulcers in the 
prone group [72, 74].

Furthermore, a recent international observational study 
reported a very low rate of complications due to prone 
position as compared to previous clinical trials [75], which 
might partially be due to improvement in clinical practice.

5 � Prone position in COVID‑19
During COVID-19 pandemic, due to the increasing num-
ber of patients with Sars-Cov2-related acute respiratory 
failure, the use of prone position rose to prominence  to 
such an extent that the Surviving Sepsis Campaign sub-
committee recommended it among the available symp-
tomatic treatments [76]. Early phase COVID-19 patients 
typically present at the physicians’ attention with a clini-
cal picture characterized by the presence of severe hypox-
emia in association with well-preserved lung mechanics 
and in absence of widespread pulmonary consolidations 
[77]. The adoption of the prone position has been one of 
the first strategies attempted to reverse hypoxemia. How 
the employment of this decubitus became customary is 
reported by large prospective cohorts studies, indicat-
ing a rate of adoption of prone position around  70% in 
COVID-19 patients, while its pre-pandemic rate was 
estimated to be only 20% [78]. The effectiveness of 
pronation is acknowledged as an improved oxygena-
tion corresponding to an increase in PaO2 or PaO2/FiO2 
ratio – during or after the maneuver – equal to or greater 
than 20% of baseline levels. The patients showing this 
amelioration are referred to as “responders”.

Regarding the determinants  accountable for this 
improvement in COVID-19 patients, they are thought 
to  be likely related to the degree of ventilation/perfu-
sion mismatch and to the amount of  atelectasis  and 
consolidations developed in the lung parenchyma. 
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Nevertheless, the precise mechanisms underlying the 
effectiveness of pronation in COVID-19 pneumonia are 
not completely understood. Moreover, one relevant issue 
about prone position regards its short-lasting effect. 
Indeed, the abovementioned improvement in oxygena-
tion has been found quickly revertible once the patients 
return back to supine position, even in those under-
going long sessions of awake pronation [79, 80]. The 
lack of significant amount of dorsal atelectasis, whose 
recruitment with unmodified perfusion is the primary 
mechanism of improved oxygenation in classical ARDS, 
suggests a different mechanism in Covid-19 patients, i.e. 
a preponderant role of the redistribution of perfusion 
during prone position. Due to gravity, the flow is redi-
rected predominantly to the pulmonary ventral regions, 
as a result of vascular tone loss and dysregulation, events 
frequently occurring in COVID-19 patients [81]. The 
response to pronation in more advanced states of the 
disease (1–2  weeks) appears to depend on the amount 
of atelectasis and/or consolidations present in the lung 
parenchyma, which increase with time. If atelectasis 
(i.e. pulmonary units empty but collapsed) prevails over 
consolidations (i.e. pulmonary units full of material but 
gasless), the net effect of prone position will be a rise in 
PaO2. In contrast, if consolidations outweigh atelecta-
sis – as it likely occurs in the late phase of Sars-Cov-2 
pneumonia – the response to pronation will be rather 
ineffective. Of note, the possible presence of new anasto-
moses established between the bronchial circulation and 
the pulmonary one can make the whole picture  more 
elaborate [82]. Even in case of  a  pathophysiological 
mechanism differing from the aforementioned ones, in 
a recent study the percentage of intubated  prone posi-
tion responders was approximately 80% both in COVID-
19-related ARDS  (the so called C-ARDS [83]) and in 
classical ARDS forms [84].

5.1 � Awake prone position
5.1.1 � Indications and advantages
The lack of ICU resources during the first wave of the 
pandemic lead to use prone position in awake, spontane-
ous breathing COVID-19 patients to correct hypoxemia. 
Its use has been often associated with high flow nasal 
cannula  (HFNC), continuous positive airway pressure 
(CPAP) or non-invasive ventilation (NIV).  Before the 
widespread of Sars-Cov-2 infection, the employment of 
awake prone position was unusual, and this is evidenced 
by the scarce number of studies focusing on this subject 
– only a few case reports [85] and one retrospective anal-
ysis [86] – though all demonstrating the feasibility of the 
maneuver and its beneficial action in terms of oxygena-
tion. The same results are inferable from the majority of 
studies conducted since the beginning of the pandemic 

[79, 87, 88]. The pathophysiological mechanisms under-
lying awake pronation are perhaps the same as the ones 
occurring in intubated patients, including the advantages 
other than gas exchange improvement. Possible advan-
tages are here below summarized:

•	 Firstly, awake prone position could be helpful in 
reducing the patient self-induced lung injury [89]. In 
fact, COVID-19 patients often present with hypox-
emia and strong inspiratory efforts worsen by high 
respiratory rates. These lead to an increased work of 
breathing, assessable with physical examination, and 
to an excessive stress and strain in lung parenchyma. 
A recent study has, indeed, demonstrated the efficacy 
of awake prone position in combination with CPAP 
in reducing the work of breathing, possibly lower-
ing the risk of progression to critical illness, and sub-
jective dyspnea in all the patient experiencing it [90].

•	 Awake prone position may delay or even avoid intu-
bation, thus decreasing the ICU overload. Yet, data 
regarding the effect of awake prone position on 
intubation are controversial. A RCT showed no dif-
ferences in the rate of endotracheal intubation at 
30 days after randomization  in patients treated with 
awake prone position and controls [91]. On the 
contrary, a meta-analysis of 29 studies, of which 10 
were RCTs, pointed out a reduction of intubation 
rate, mostly in patients requiring high oxygen deliv-
ery and in ICU inpatients [92]. The reasons for these 
discrepancies are still unclear.

It is worth noting, however, that no outcome benefit, 
has been found clearly associated with the use of prone 
position in awake patients. It is tempting to speculate 
that it is due to the lack of the pre-requisite needed for 
the prone position to improve outcome, i.e., remarkable 
stress and strain maldistribution associated with pres-
ence of atelectasis and consolidation, usually modest in 
awake COVID-19 patients.

5.1.2 � Timing and duration
Regarding  the optimal timing of awake pronation ses-
sions, there are currently no straightforward recommen-
dations. However, taking into account the brief duration 
of oxygenation improvement, the initiation of sessions 
should be performed right after hospitalization. A recent 
study showed a decrease in 28  day mortality in non-
intubated patients when they adopted the so called “early 
awake prone position”, i.e. the start of awake prone posi-
tion in first 24  h after the initiation of HFNC [93].  In 
addition to the prompt decision making, it is indispen-
sable to  close monitor patients’ response to pronation, 
in order to  early detect  non-succeeders, namely those 
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who could depend on endotracheal intubation to survive. 
Indeed, a delayed transition to invasive mechanical venti-
lation could be detrimental to their outcome [94].

The best predictor associated with oxygenation improve-
ment in awake COVID-19 patients requiring HFNC were: 
prone position duration > 8 h/day, respiratory rate ≤ 25 bpm 
at enrollment, increase in respiratory-oxygenation  (ROX) 
index > 1.25 after the first awake prone position session and 
a decrease in lung ultrasound score ≥ 2  [95]. Six hour/day 
duration was found as the minimum length of awake prone 
position to reduce the risk of resorting to endotracheal intu-
bation.  Actually, extending session length to 8  h  could be 
even more effective, as it seems to lower hospital mortality 
[96]. The duration of the maneuver is awake patients may be 
problematic. Indeed, a meta-analysis of eight studies indi-
cates an intolerance rate among patients equal to 10.3% [97], 
primarily due to poor comfort [98]. This may be reduced by 
new devices and by a proper explanation of the technique to 
the patients [99]. Positions alternative to classical prone have 
been tested (e.g., Rodin’s position [100], dolphin position 
[101], reverse Trendelenburg [102], alternating prone [103]).

5.1.3 � Side effects
Prone position in awake patients is easier to perform than 
in intubated patients. Indeed, less personnel, time and 
resources are required, due to the collaboration of patients 
who can even perform the maneuver by themselves [104]. 
Additionally, there are lower risks of vascular accesses 
and devices displacement. Other rare side effects reported 
on awake pronation session include pressure ulcers (e.g., 
facial), nerve compressions (brachial plexus injury), crush 
injury, venous stasis (facial edema), diaphragm limitation, 
retinal damage, vomiting and transient arrhythmias [105].

6 � Conclusions
After decades from the first clinical application of prone 
position, we know the physiological changes associated 
with this technique, their consequences on mechanical 
effects of ventilation and the possible benefits associated 
with the maneuver. In summary, prone position makes 
the lung parenchyma more homogeneous. This results 
in a more homogenous distribution of ventilation and 
of mechanical stresses and strain, the putative causes of 
VILI. The pre-requisite to observe significant benefit on 
mortality is that a significant degree of baseline stress 
and strain maldistribution, as associated with moderate-
severe and severe ARDS. The oxygenation improvement 
is the most common effect of prone position, although 
not directly associated with mortality. In general, how-
ever, regardless strict indications or recommendations, 
the bulk of available data indicates that, whatever is the 
harm induced in the lung by the ventilation, mechanical 
or spontaneous, is lower in prone than in supine. 

Abbreviations
ARDS	� Acute Respiratory Distress Syndrome
FRC	� Functional residual capacity
RCT​	� Randomized controlled trials
PaCO2	� Arterial partial pressure of CO2
PaO2	� Arterial partial pressure of O2
Ptp	� Transpulmonary pressure Ptp
PAOC	� Pulmonary arterial occlusion pressure
ALI	� Acute lung injury
ICU	� Intensive care unit
PEEP	� Positive end expiratory pressure
PROSEVA	� Proning Severe ARDS Patients
PSII	� Prone Supine II
VILI	� Ventilator-induced lung injury
VAP	� Ventilator-associated pneumonia
ECMO	� Extracorporeal membrane oxygenation
ECCO2R	� Extracorporeal CO2 removal
HFNC	� High flow nasal cannula
CPAP	� Continuous positive airway pressure
NIV	� Non-invasive ventilation
ROX	� Respiratory-oxygenation

Acknowledgements
None.

Authors’ contributions
LG, SB, RD’A, RM, MV, CZ draft the manuscript. LG, SG, FL, IF, FR, LS, LC, MB 
revised the article. All authors approved the final version of the article.

Funding
None.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Anesthesiology, University Medical Center Göttingen, Robert Koch 
Straße 40, 37075 Göttingen, Germany. 2 IRCCS San Raffaele Scientific Institute, Milan, 
Italy. 3 Department of Adult Critical Care, Guy’s and St Thomas’ NHS Foundation Trust, 
Health Centre for Human and Applied Physiological Sciences, London, UK. 

Received: 18 October 2022   Revised: 7 December 2022   Accepted: 14 
December 2022

References
	 1.	 Bryan AC. Conference on the scientific basis of respiratory therapy. 

Pulmonary physiotherapy in the pediatric age group. Comments of a 
devil’s advocate. Am Rev Respir Dis. 1974;110:143–4.

	 2.	 Piehl MA, Brown RS. Use of extreme position changes in acute respira-
tory failure. Crit Care Med. 1976;4:13–4.

	 3.	 Douglas WW, Rehder K, Beynen FM, Sessler AD, Marsh HM. Improved 
oxygenation in patients with acute respiratory failure: the prone posi-
tion. Am Rev Respir Dis. 1977;115:559–66.

	 4.	 Maunder RJ, Shuman WP, McHugh JW, Marglin SI, Butler J. Preserva-
tion of normal lung regions in the adult respiratory distress syndrome. 
Analysis by computed tomography. JAMA. 1986;255:2463–5.



Page 15 of 17Gattinoni et al. Anesthesiology and Perioperative Science             (2023) 1:3 	

	 5.	 Gattinoni L, Mascheroni D, Torresin A, Marcolin R, Fumagalli R, Vesconi 
S, et al. Morphological response to positive end expiratory pressure in 
acute respiratory failure. Computerized tomography study. Intensive 
Care Med. 1986;12:137–42.

	 6.	 Langer M, Mascheroni D, Marcolin R, Gattinoni L. The prone position in 
ARDS patients. A clinical study Chest. 1988;94:103–7.

	 7.	 Gattinoni L, Pelosi P, Vitale G, Pesenti A, D’Andrea L, Mascheroni D. Body 
position changes redistribute lung computed-tomographic density in 
patients with acute respiratory failure. Anesthesiology. 1991;74:15–23.

	 8.	 Albert RK, Leasa D, Sanderson M, Robertson HT, Hlastala MP. The prone 
position improves arterial oxygenation and reduces shunt in oleic-acid-
induced acute lung injury. Am Rev Respir Dis. 1987;135:628–33.

	 9.	 Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E, Fan 
E, et al. Acute respiratory distress syndrome: the Berlin Definition. JAMA. 
2012;307:2526–33.

	 10.	 Gattinoni L, Pesenti A, Torresin A, Baglioni S, Rivolta M, Rossi F, et al. 
Adult respiratory distress syndrome profiles by computed tomography. 
J Thorac Imaging. 1986;1:25–30.

	 11.	 Bone RC. The ARDS lung. New insights from computed tomography. 
JAMA. 1993;269:2134–5.

	 12.	 Gattinoni L, Pesenti A, Carlesso E. Body position changes redistribute 
lung computed-tomographic density in patients with acute respira-
tory failure: impact and clinical fallout through the following 20 years. 
Intensive Care Med. 2013;39:1909–15.

	 13.	 Gattinoni L, Pesenti A. ARDS: the non-homogeneous lung; facts and 
hypothesis. Intensive Crit Care Dig. 1987;6:1–4.

	 14.	 Gattinoni L, Pesenti A. The concept of “baby lung.” Intensive Care Med. 
2005;31:776–84.

	 15.	 Albert RK, Hubmayr RD. The prone position eliminates compression of 
the lungs by the heart. Am J Respir Crit Care Med. 2000;161:1660–5.

	 16.	 Pelosi P, Tubiolo D, Mascheroni D, Vicardi P, Crotti S, Valenza F, et 
al. Effects of the prone position on respiratory mechanics and gas 
exchange during acute lung injury. Am J Respir Crit Care Med. 
1998;157:387–93.

	 17.	 Gattinoni L, Marini JJ, Pesenti A, Quintel M, Mancebo J, Brochard L. The, 
“baby lung” became an adult. Intensive Care Med. 2016;42:663–73.

	 18.	 Wiener CM, Kirk W, Albert RK. Prone position reverses gravitational 
distribution of perfusion in dog lungs with oleic acid-induced injury. J 
Appl Physiol (Bethesda, Md : 1985). 1990;68:1386–92.

	 19.	 Glenny RW, Lamm WJ, Albert RK, Robertson HT. Gravity is a minor deter-
minant of pulmonary blood flow distribution. J Appl Physiol (Bethesda, 
Md : 1985). 1991;71:620–9.

	 20.	 Nyrén S, Mure M, Jacobsson H, Larsson SA, Lindahl SG. Pulmonary 
perfusion is more uniform in the prone than in the supine position: 
scintigraphy in healthy humans. J Appl Physiol (Bethesda, Md : 1985). 
1999;86:1135–41.

	 21.	 Richard JC, Janier M, Lavenne F, Berthier V, Lebars D, Annat G, et al. 
Effect of position, nitric oxide, and almitrine on lung perfusion in a 
porcine model of acute lung injury. J Appl Physiol Physiol (Bethesda, 
Md : 1985). 2002;93:2181–91.

	 22.	 Richter T, Bellani G, Scott Harris R, Vidal Melo MF, Winkler T, Venegas 
JG, et al. Effect of prone position on regional shunt, aeration, and 
perfusion in experimental acute lung injury. Am J Respir Crit Care Med. 
2005;172:480–7.

	 23.	 Protti A, Chiumello D, Cressoni M, Carlesso E, Mietto C, Berto V, et al. 
Relationship between gas exchange response to prone position and 
lung recruitability during acute respiratory failure. Intensive Care Med. 
2009;35:1011–7.

	 24.	 Gattinoni L, Vagginelli F, Carlesso E, Taccone P, Conte V, Chiumello D, et al. 
Decrease in PaCO2 with prone position is predictive of improved outcome 
in acute respiratory distress syndrome. Crit Care Med. 2003;31:2727–33.

	 25.	 Raurich JM, Vilar M, Colomar A, Ibáñez J, Ayestarán I, Pérez-Bárcena J, et 
al. Prognostic value of the pulmonary dead-space fraction during the 
early and intermediate phases of acute respiratory distress syndrome. 
Respir Care. 2010;55:282–7.

	 26.	 Guerin C, Badet M, Rosselli S, Heyer L, Sab JM, Langevin B, et al. Effects 
of prone position on alveolar recruitment and oxygenation in acute 
lung injury. Intensive Care Med. 1999;25:1222–30.

	 27.	 Pelosi P, Bottino N, Chiumello D, Caironi P, Panigada M, Gamberoni C, et 
al. Sigh in supine and prone position during acute respiratory distress 
syndrome. Am J Respir Crit Care Med. 2003;167:521–7.

	 28.	 Marini JJ, Gattinoni L. Improving lung compliance by external compres-
sion of the chest wall. Critical care (London, England). 2021;25:264.

	 29.	 Gattinoni L. Apparatus for improving the distribution of gas in the lungs 
of a patient receiving respiratory treatment. (USA, Patent No. 6461315). 
United States Patent and Trademark Office (USPTO). 2002.

	 30.	 Kaneko K, Milic-Emili J, Dolovich MB, Dawson A, Bates DV. Regional 
distribution of ventilation and perfusion as a function of body position. 
J Appl Physiol. 1966;21:767–77.

	 31.	 Tawhai MH, Nash MP, Lin CL, Hoffman EA. Supine and prone differ-
ences in regional lung density and pleural pressure gradients in the 
human lung with constant shape. J Appl Physiol (Bethesda, Md : 1985). 
2009;107:912–20.

	 32.	 Gattinoni L, Taccone P, Mascheroni D, Valenza F, Pelosi P. Chapter 49. 
Prone Positioning in Acute Respiratory Failure. In: Tobin MJ. editor. 
Principles and Practice of Mechanical Ventilation. 3rd ed. McGraw Hill; 
2013.

	 33.	 Hubmayr RD. Perspective on lung injury and recruitment: a skeptical 
look at the opening and collapse story. Am J Respir Crit Care Med. 
2002;165:1647–53.

	 34.	 Gattinoni L, Taccone P, Carlesso E, Marini JJ. Prone position in acute 
respiratory distress syndrome. Rationale, indications, and limits. Am J 
Respir Crit Care Med. 2013;188:1286–93.

	 35.	 Borelli M, Lampati L, Vascotto E, Fumagalli R, Pesenti A. Hemodynamic 
and gas exchange response to inhaled nitric oxide and prone position-
ing in acute respiratory distress syndrome patients. Crit Care Med. 
2000;28:2707–12.

	 36.	 Gainnier M, Michelet P, Thirion X, Arnal JM, Sainty JM, Papazian L. Prone 
position and positive end-expiratory pressure in acute respiratory 
distress syndrome. Crit Care Med. 2003;31:2719–26.

	 37.	 Jozwiak M, Teboul JL, Anguel N, Persichini R, Silva S, Chemla D, et 
al. Beneficial hemodynamic effects of prone positioning in patients 
with acute respiratory distress syndrome. Am J Respir Crit Care Med. 
2013;188:1428–33.

	 38.	 Bull TM, Clark B, McFann K, Moss M. Pulmonary vascular dysfunction is 
associated with poor outcomes in patients with acute lung injury. Am J 
Respir Crit Care Med. 2010;182:1123–8.

	 39.	 Vieillard-Baron A, Charron C, Caille V, Belliard G, Page B, Jardin F. 
Prone positioning unloads the right ventricle in severe ARDS. Chest. 
2007;132:1440–6.

	 40.	 Hering R, Wrigge H, Vorwerk R, Brensing KA, Schröder S, Zinserling J, et 
al. The effects of prone positioning on intraabdominal pressure and 
cardiovascular and renal function in patients with acute lung injury. 
Anesth Analg. 2001;92:1226–31.

	 41.	 Hering R, Vorwerk R, Wrigge H, Zinserling J, Schröder S, von Spiegel T, et 
al. Prone positioning, systemic hemodynamics, hepatic indocyanine 
green kinetics, and gastric intramucosal energy balance in patients 
with acute lung injury. Intensive Care Med. 2002;28:53–8.

	 42.	 Guérin C, Reignier J, Richard JC, Beuret P, Gacouin A, Boulain T, et al. 
Prone positioning in severe acute respiratory distress syndrome. N Engl 
J Med. 2013;368:2159–68.

	 43.	 Bloomfield R, Noble DW. Systematic review of prone positioning: study 
selection and analysis. Crit Care Med. 2014;42:e598-599.

	 44.	 Gattinoni L, Tognoni G, Pesenti A, Taccone P, Mascheroni D, Labarta V, et 
al. Effect of prone positioning on the survival of patients with acute 
respiratory failure. N Engl J Med. 2001;345:568–73.

	 45.	 Guerin C, Gaillard S, Lemasson S, Ayzac L, Girard R, Beuret P, et al. Effects 
of systematic prone positioning in hypoxemic acute respiratory failure: 
a randomized controlled trial. JAMA. 2004;292:2379–87.

	 46.	 Mancebo J, Fernández R, Blanch L, Rialp G, Gordo F, Ferrer M, et al. A 
multicenter trial of prolonged prone ventilation in severe acute respira-
tory distress syndrome. Am J Respir Crit Care Med. 2006;173:1233–9.

	 47.	 Taccone P, Pesenti A, Latini R, Polli F, Vagginelli F, Mietto C, et al. Prone 
positioning in patients with moderate and severe acute respiratory dis-
tress syndrome: a randomized controlled trial. JAMA. 2009;302:1977–84.

	 48.	 Combes A, Hajage D, Capellier G, Demoule A, Lavoué S, Guervilly C, et 
al. Extracorporeal Membrane Oxygenation for Severe Acute Respiratory 
Distress Syndrome. N Engl J Med. 2018;378:1965–75.

	 49.	 Brower RG, Matthay MA, Morris A, Schoenfeld D, Thompson BT, Wheeler 
A. Ventilation with lower tidal volumes as compared with traditional 
tidal volumes for acute lung injury and the acute respiratory distress 
syndrome. N Engl J Med. 2000;342:1301–8.



Page 16 of 17Gattinoni et al. Anesthesiology and Perioperative Science             (2023) 1:3 

	 50.	 Cressoni M, Cadringher P, Chiurazzi C, Amini M, Gallazzi E, Marino A, et 
al. Lung inhomogeneity in patients with acute respiratory distress 
syndrome. Am J Respir Crit Care Med. 2014;189:149–58.

	 51.	 Broccard A, Shapiro RS, Schmitz LL, Adams AB, Nahum A, Marini JJ. 
Prone positioning attenuates and redistributes ventilator-induced lung 
injury in dogs. Crit Care Med. 2000;28:295–303.

	 52.	 Valenza F, Guglielmi M, Maffioletti M, Tedesco C, Maccagni P, Fossali T, et 
al. Prone position delays the progression of ventilator-induced lung 
injury in rats: does lung strain distribution play a role? Crit Care Med. 
2005;33:361–7.

	 53.	 Galiatsou E, Kostanti E, Svarna E, Kitsakos A, Koulouras V, Efremidis SC, et 
al. Prone position augments recruitment and prevents alveolar overin-
flation in acute lung injury. Am J Respir Crit Care Med. 2006;174:187–97.

	 54.	 Cornejo RA, Díaz JC, Tobar EA, Bruhn AR, Ramos CA, González RA, et 
al. Effects of prone positioning on lung protection in patients with 
acute respiratory distress syndrome. Am J Respir Crit Care Med. 
2013;188:440–8.

	 55.	 Papazian L, Gainnier M, Marin V, Donati S, Arnal JM, Demory D, et al. 
Comparison of prone positioning and high-frequency oscillatory ven-
tilation in patients with acute respiratory distress syndrome. Crit Care 
Med. 2005;33:2162–71.

	 56.	 Curley GF, Laffey JG, Zhang H, Slutsky AS. Biotrauma and Ventilator-
Induced Lung Injury: Clinical Implications. Chest. 2016;150:1109–17.

	 57.	 Albert RK, Keniston A, Baboi L, Ayzac L, Guérin C. Prone position-
induced improvement in gas exchange does not predict improved 
survival in the acute respiratory distress syndrome. Am J Respir Crit Care 
Med. 2014;189:494–6.

	 58.	 Sinclair SE, Altemeier WA, Matute-Bello G, Chi EY. Augmented lung 
injury due to interaction between hyperoxia and mechanical ventila-
tion. Crit Care Med. 2004;32:2496–501.

	 59.	 Pelosi P, Brazzi L, Gattinoni L. Prone position in acute respiratory distress 
syndrome. Eur Respir J. 2002;20:1017–28.

	 60.	 Voggenreiter G, Aufmkolk M, Stiletto RJ, Baacke MG, Waydhas C, Ose 
C, et al. Prone positioning improves oxygenation in post-traumatic 
lung injury–a prospective randomized trial. J Trauma. 2005;59:333–41; 
discussion 341-333.

	 61.	 Sud S, Friedrich JO, Taccone P, Polli F, Adhikari NK, Latini R, et al. Prone 
ventilation reduces mortality in patients with acute respiratory failure 
and severe hypoxemia: systematic review and meta-analysis. Intensive 
Care Med. 2010;36:585–99.

	 62.	 Li Bassi G, Torres A. Ventilator-associated pneumonia: role of position-
ing. Curr Opin Crit Care. 2011;17:57–63.

	 63.	 Maiolo G, Collino F, Vasques F, Rapetti F, Tonetti T, Romitti F, et al. Reclas-
sifying Acute Respiratory Distress Syndrome. Am J Respir Crit Care Med. 
2018;197:1586–95.

	 64.	 Albert RK. Prone Ventilation for Patients with Mild or Moderate Acute 
Respiratory Distress Syndrome. Ann Am Thorac Soc. 2020;17:24–9.

	 65.	 Guérin C, Albert RK, Beitler J, Gattinoni L, Jaber S, Marini JJ, et al. Prone 
position in ARDS patients: why, when, how and for whom. Intensive 
Care Med. 2020;46:2385–96.

	 66.	 Pelosi P, Croci M, Calappi E, Mulazzi D, Cerisara M, Vercesi P, et al. Prone 
positioning improves pulmonary function in obese patients during 
general anesthesia. Anesth Analg. 1996;83:578–83.

	 67.	 Messerole E, Peine P, Wittkopp S, Marini JJ, Albert RK. The pragmatics of 
prone positioning. Am J Respir Crit Care Med. 2002;165:1359–63.

	 68.	 Beitler JR, Shaefi S, Montesi SB, Devlin A, Loring SH, Talmor D, Malhotra 
A. Prone positioning reduces mortality from acute respiratory distress 
syndrome in the low tidal volume era: a meta-analysis. Intensive Care 
Med. 2014;40:332–41.

	 69.	 Chiumello D, Cressoni M, Racagni M, Landi L, Li Bassi G, Polli F, et al. 
Effects of thoraco-pelvic supports during prone position in patients 
with acute lung injury/acute respiratory distress syndrome: a physi-
ological study. Critical Care (London, England). 2006;10:R87.

	 70.	 Abroug F, Ouanes-Besbes L, Dachraoui F, Ouanes I, Brochard L. An 
updated study-level meta-analysis of randomised controlled trials on 
proning in ARDS and acute lung injury. Crit Care. 2011;15(1):R6.

	 71.	 McAuley DF, Giles S, Fichter H, Perkins GD, Gao F. What is the optimal 
duration of ventilation in the prone position in acute lung injury 
and acute respiratory distress syndrome? Intensive Care Med. 
2002;28:414–8.

	 72.	 Munshi L, Del Sorbo L, Adhikari NKJ, Hodgson CL, Wunsch H, Meade 
MO, et al. Prone Position for Acute Respiratory Distress Syndrome. 
A Systematic Review and Meta-Analysis. Ann Am Thorac Soc. 
2017;14:S280–8.

	 73.	 Girard R, Baboi L, Ayzac L, Richard JC, Guérin C. The impact of patient 
positioning on pressure ulcers in patients with severe ARDS: results 
from a multicentre randomised controlled trial on prone positioning. 
Intensive Care Med. 2014;40:397–403.

	 74.	 Lee JM, Bae W, Lee YJ, Cho YJ. The efficacy and safety of prone positional 
ventilation in acute respiratory distress syndrome: updated study-
level meta-analysis of 11 randomized controlled trials. Crit Care Med. 
2014;42:1252–62.

	 75.	 Guérin C, Beuret P, Constantin JM, Bellani G, Garcia-Olivares P, Roca 
O, et al. A prospective international observational prevalence study on 
prone positioning of ARDS patients: the APRONET (ARDS Prone Position 
Network) study. Intensive Care Med. 2018;44:22–37.

	 76.	 Alhazzani W, Evans L, Alshamsi F, Moller MH, Ostermann M, Prescott 
HC, et al. Surviving Sepsis Campaign Guidelines on the Management 
of Adults With Coronavirus Disease 2019 (COVID-19) in the ICU: First 
Update. Crit Care Med. 2021;49:e219–34.

	 77.	 Chiumello D, Busana M, Coppola S, Romitti F, Formenti P, Bonifazi M, et 
al. Physiological and quantitative CT-scan characterization of COVID-
19 and typical ARDS: a matched cohort study. Intensive Care Med. 
2020;46:2187–96.

	 78.	 Kharat A, Simon M, Guérin C. Prone position in COVID 19-associated 
acute respiratory failure. Curr Opin Crit Care. 2022;28:57–65.

	 79.	 Coppo A, Bellani G, Winterton D, Di Pierro M, Soria A, Faverio P, et al. Fea-
sibility and physiological effects of prone positioning in non-intubated 
patients with acute respiratory failure due to COVID-19 (PRON-COVID): 
a prospective cohort study. Lancet Respir Med. 2020;8:765–74.

	 80.	 Elharrar X, Trigui Y, Dols AM, Touchon F, Martinez S, Prud’homme E, Papazian 
L. Use of Prone Positioning in Nonintubated Patients With COVID-19 and 
Hypoxemic Acute Respiratory Failure. JAMA. 2020;323:2336–8.

	 81.	 Kar M. Vascular Dysfunction and Its Cardiovascular Consequences Dur-
ing and After COVID-19 Infection: A Narrative Review. Vasc Health Risk 
Manag. 2022;18:105–12.

	 82.	 Galambos C, Bush D, Abman SH. Intrapulmonary bronchopulmo-
nary anastomoses in COVID-19 respiratory failure. European Respir J. 
2021;58(2):2004397.

	 83.	 Marini JJ, Gattinoni L. Management of COVID-19 Respiratory Distress. 
JAMA. 2020;323:2329–30.

	 84.	 Camporota L, Sanderson B, Chiumello D, Terzi N, Argaud L, Rimmelé 
T, et al. Prone Position in COVID-19 and -COVID-19 Acute Respiratory 
Distress Syndrome: An International Multicenter Observational Com-
parative Study. Crit Care Med. 2022;50:633–43.

	 85.	 Feltracco P, Serra E, Barbieri S, Persona P, Rea F, Loy M, et al. Non-invasive 
ventilation in prone position for refractory hypoxemia after bilateral 
lung transplantation. Clin Transplant. 2009;23:748–50.

	 86.	 Scaravilli V, Grasselli G, Castagna L, Zanella A, Isgrò S, Lucchini A, et al. 
Prone positioning improves oxygenation in spontaneously breathing 
nonintubated patients with hypoxemic acute respiratory failure: A 
retrospective study. J Crit Care. 2015;30:1390–4.

	 87.	 Paternoster G, Sartini C, Pennacchio E, Lisanti F, Landoni G, Cabrini L. 
Awake pronation with helmet continuous positive airway pressure for 
COVID-19 acute respiratory distress syndrome patients outside the ICU: 
A case series. Med Intensiva. 2020;46:65–71.

	 88.	 Pavlov I, He H, McNicholas B, Perez Y, Tavernier E, Trump MW, et al. 
Awake Prone Positioning in Non-Intubated Patients With Acute 
Hypoxemic Respiratory Failure Due to COVID-19. Respir Care. 
2021;respcare.09191.

	 89.	 Telias I, Katira BH, Brochard L. Is the Prone Position Helpful During Spon-
taneous Breathing in Patients With COVID-19? JAMA. 2020;323:2265–7.

	 90.	 Chiumello D, Chiodaroli E, Coppola S, Cappio Borlino S, Granata C, 
Pitimada M, et al. Awake prone position reduces work of breathing in 
patients with COVID-19 ARDS supported by CPAP. Ann Intensive Care. 
2021;11:179.

	 91.	 Alhazzani W, Parhar KKS, Weatherald J, Al Duhailib Z, Alshahrani M, 
Al-Fares A, et al. Effect of Awake Prone Positioning on Endotracheal 
Intubation in Patients With COVID-19 and Acute Respiratory Failure: A 
Randomized Clinical Trial. JAMA. 2022;327:2104–13.



Page 17 of 17Gattinoni et al. Anesthesiology and Perioperative Science             (2023) 1:3 	

	 92.	 Li J, Luo J, Pavlov I, Perez Y, Tan W, Roca O, et al. Awake prone position-
ing for non-intubated patients with COVID-19-related acute hypoxae-
mic respiratory failure: a systematic review and meta-analysis. Lancet 
Respir Med. 2022;10:573–83.

	 93.	 Kaur R, Vines DL, Mirza S, Elshafei A, Jackson JA, Harnois LJ, et al. Early 
versus late awake prone positioning in non-intubated patients with 
COVID-19. Critical care (London, England). 2021;25:340.

	 94.	 Ferrando C, Mellado-Artigas R, Gea A, Arruti E, Aldecoa C, Adalia R, et al. 
Awake prone positioning does not reduce the risk of intubation in 
COVID-19 treated with high-flow nasal oxygen therapy: a multicenter, 
adjusted cohort study. Critical care (London, England). 2020;24:597.

	 95.	 Ibarra-Estrada M, Li J, Pavlov I, Perez Y, Roca O, Tavernier E, et al. Factors 
for success of awake prone positioning in patients with COVID-19-in-
duced acute hypoxemic respiratory failure: analysis of a randomized 
controlled trial. Crit Care. 2022;26(1):84

	 96.	 Esperatti M, Busico M, Fuentes NA, Gallardo A, Osatnik J, Vitali A, et al. 
Impact of exposure time in awake prone positioning on clinical 
outcomes of patients with COVID-19-related acute respiratory failure 
treated with high-flow nasal oxygen: a multicenter cohort study. Crit 
Care. 2022;26(1):16

	 97.	 Tan W, Xu DY, Xu MJ, Wang ZF, Dai B, Li LL, et al. The efficacy and toler-
ance of prone positioning in non-intubation patients with acute hypox-
emic respiratory failure and ARDS: a meta-analysis. Ther Adv Respir Dis. 
2021;15:17534666211009408.

	 98.	 Ng Z, Tay WC, Ho CHB. Awake prone positioning for non-intubated 
oxygen dependent COVID-19 pneumonia patients. Eur Respir J. 
2020;56(1):2001198.

	 99.	 Paul V, Patel S, Royse M, Odish M, Malhotra A, Koenig S. Proning in 
Non-Intubated (PINI) in Times of COVID-19: Case Series and a Review. J 
Intensive Care Med. 2020;35:818–24.

	100.	 Coppo A, Winterton D, Benini A, Monzani A, Aletti G, Cadore B, et al. 
Rodin’s Thinker: An Alternative Position in Awake Patients with COVID-
19. Am J Respir Crit Care Med. 2021;204:728–30.

	101.	 Lucchini A, Minotti D, Vanini S, Pegoraro F, Iannuzzi L, Isgrò S. The, 
“Dolphin” Prone Position in Awake COVID-19 Patients. Dimens Crit Care 
Nurs: DCCN. 2021;40:311–4.

	102.	 Bamford P, Bentley A, Dean J, Whitmore D, Wilson-Baig N. ICS guidance 
for prone positioning of the conscious COVID Patient. 2020.

	103.	 Bentley SK, Iavicoli L, Cherkas D, Lane R, Wang E, Atienza M, et al. Guid-
ance and Patient Instructions for Proning and Repositioning of Awake, 
Nonintubated COVID-19 Patients. Acad Emerg Med Off J Soc Acad 
Emerg Med. 2020;27:787–91.

	104.	 Kandil H. From ICU doctor to ICU patient. Intensive Care Med. 
2021;47:635.

	105.	 Chen L, Zhang Y, Li Y, Song C, Lin F, Pan P. The Application of Awake-
Prone Positioning Among Non-intubated Patients With COVID-19-Re-
lated ARDS: A Narrative Review. Front Med. 2022;9:817689.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Prone position: how understanding and clinical application of a technique progress with time
	Abstract 
	Historical background 
	Pathophysiology 
	Outcome in ARDS 
	Prone position and COVID-19 

	1 Historical background
	2 Physiology of prone position
	2.1 Gas exchange
	2.1.1 Oxygenation
	2.1.2 CO2 clearance

	2.2 Lung mechanics
	2.3 Hemodynamics

	3 The clinical trials
	3.1 Why should prone position affect outcome

	4 Clinical application
	4.1 Indications
	4.2 Contraindications
	4.3 Prone position maneuver
	4.4 Duration and stopping criteria
	4.5 Side effects

	5 Prone position in COVID-19
	5.1 Awake prone position
	5.1.1 Indications and advantages
	5.1.2 Timing and duration
	5.1.3 Side effects


	6 Conclusions
	Acknowledgements
	References


