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Treatment

• Treat the precipitating cause

• Support
– NIPPV and high-flow nasal cannula
– Invasive mechanical-ventilation needed in most cases

• MV can harm patients
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HFNO / CPAP / NIV

• No specific ARDS trials

• Definition of treatment failure

• Delay in intubation = increased mortality?

• High transpulmonary pressures from respiratory drive = increased P-SILI?
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Ventilator-induced lung Injury

• ‘Respirator lung’ coined in 1967
• Term VILI coined by Webb and Tierney (AJRCCM 1974, 110 (5), p. 556)
• Indistinguishable from ARDS itself

• Key concepts
• Baby lung
• Volutrauma and overdistension
• Atelectrauma
• Biotrauma (Stress + strain + mechanical power)
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Baby Lung

• Lungs not stiff but small
– Ratio respiratory system compliance : residual healthy lung = 1:1 

(compliance 20 cc/cmH2O = 20% open lung)

• Heterogeneity
– Boundary zones = stress junctions
– Overdistension of normal and opened lung areas
– Stress and strain = inflammation / biotrauma
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Baby Lung

• Two distinct anatomical structures

• Posterior/dorsal = collapsed/consolidated
– Intrapulmonary shunt
– Atelectrauma

• Anterior/Ventral = aerated (baby lung)
– Dead space
– Volutrauma (overdistension)
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densities were redistributed in the dependent lung [26],
thus demolishing the notion of the “baby lung” as a dis-
crete, healthy anatomical structure (Fig. 3).

From “baby lung” to “sponge lung”

To understand the mechanism of lung density redistri-
bution in the prone position we applied regional analysis,

studying the lung composition along the sternum-verte-
bral axis [26, 27]. The main findings can be summarized
as follows: all the lung parenchyma in ARDS is involved
by the disease process, and the edema is evenly dis-
tributed from the sternum to the vertebra, i.e., not gravi-
tationally, as observed previously [28, 29] and after [30,
31] ex vivo and in experimental animals. The increased
lung weight, due to the accumulated edema, raises the
hydrostatic pressures transmitted throughout the lung,
which we called superimposed pressure. Consequently the
gas in the dependent lung regions is squeezed out by the
heavy lung parenchyma above (Fig. 4). The densities in
the dependent lung regions are in fact due not to an in-
crease in the amount of edema but to a loss of alveolar
gases, as the result of the compressive gravitational for-
ces, including the heart weight [32, 33].

This model, which Bone [34] called “sponge lung,”
accounts, although not completely, for the redistribution
of the lung densities in prone position: the superimposed
hydrostatic pressure is reversed, and the ventral regions
instead of the dorsal are compressed [35]. The sponge
lung also partly explains the mechanism of PEEP: to keep
open the most dependent lung regions PEEP must be
greater than the superimposed pressure [23]. Unfortu-
nately, this unavoidably leads to overdistension of the
lung regions with lower superimposed pressure (Fig. 4).
That superimposed pressure is the main cause of collapse
was inferred from the human studies cited above and,
years later, was directly confirmed experimentally in
animals [36] although this view was challenged [37, 38].
In the context of “sponge lung” the “baby lung” still has
value if considered from a functional, not an anatomical,
perspective. In a broad sense the “baby lung” concept can
be applied to any kind of ARDS as every patient has a
reduced amount of normally aerated tissue.

The sponge lung model, however, implies different
considerations. It assumes that the edema is evenly dis-
tributed throughout the lung parenchyma. While this is
likely when the noxious stimulus leading to ARDS orig-
inates from the blood, i.e., all the lung parenchyma is
exposed as in extrapulmonary ARDS, the picture may
differ when the noxious stimulus comes from the airways,
and distribution may possibly be nonhomogeneous (as in
pulmonary ARDS) [39, 40]. This, however, remains to be
verified, although CT differences between pulmonary and
extrapulmonary ARDS have been reported [41, 42].

The “baby lung” at end-inspiration

New information was obtained, with further refinement of
the model, when not only end-expiration but also end-
inspiration was explored. We found that during inspira-
tion part of the lung is recruited [43]. This has been shown
in humans and in experimental animals both with [36, 44]
and without CT [45]. These findings suggest the follow-

Fig. 3 CT of ARDS lung in supine (upper), prone (middle), and
return to supine position (lower). The images were taken at end
expiration and 10 cmH2O PEEP. Note how gravity-dependent
densities shift from dorsal to ventral within minutes when the pa-
tient is turned prone. (From Gattinoni et al. [20])



Ventilator-induced lung Injury

• Barotrauma
– Misleading 
– Cause of air leaks remains overdistension, not high airway pressure
– Pneumothorax
– Pneumomediastinum
– Pneumopericardium
– Subcutaneous emphysema
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Ventilator-induced lung Injury

• Volutrauma / Overdistension
– Dreyfuss et al., Am Rev Respir Dis 1988, 137, p. 1159
– Animal study
– Baby lung
– High tidal volumes and high airway pressures = pulmonary oedema
– Same high airway pressure but limited tidal volumes (chest and 

abdominal straps) = no pulmonary oedema
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Ventilator-induced lung Injury

• Atelectrauma
– Lung heterogeneity
– Collapsed and non-aerated zones
– Repetitive opening and closing of the airways
– Regional hypoxemia and surfactant dysfunction
– Boundary zones = opened and closed lung units = stress raisers
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Ventilator-induced lung Injury

• Biotrauma
– ‘Common final pathway’
– Stress and strain
– Activation of mechano-transduction-related inflammation (cellular)
– Breaking of molecular bonds in the extracellular matrix (tissular)
– Vascular barrier compromise = alveolar flooding = surfactant dysfunction = 

increased alveolar surface tension = more stress and strain = vicious 
cycle (vascular)
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from the airspace and vascular sides of their shared interface. 
But there is an inherent imbalance in the relative matching of 
gas flow and blood flow across the BL. During severe ARDS, 
the ventilated compartment typically comprises only 20–30% 
of its healthy volume but must perform 100% of ventilation, 
whereas its nonshunted blood flow generally remains at 60–
70% of the cardiac output (2). Here it is worth mentioning 
that although computed “physiologic dead space” (Vd/Vt), a 
strong correlate of mortality risk (9, 10), implies ineffective 
ventilation and has been attributed primarily to narrowed and 
obstructed microvessels and to systemic recirculation of ve-
nous Co

2
 through shunt units (11), an important contributor 

to the clinically estimated Vd/Vt ratio is the need for the well-
perfused BL to be hyperventilated; its ventilation must exceed 
its perfusion. Therefore, ARDS severity, BL capacity, and Vd/Vt 
are understandably intercorrelated.

To clear the same amount of Co
2
 per minute across the 

reduced gas exchanging surface area of the BL, its alveolar ven-
tilation (and total ventilation) must increase (Supplemental 
Fig. 1, Supplemental Digital Content 1, http://links.lww.com/
CCM/F521). Of note, this mandatory hyperventilation and 
VILI-promoting power exposure of the functioning BL tissues 
also exposes the cells that line its epithelium to locally high 
pH values that may contribute to impaired surfactant function 
(12–14). For the same BL size, the level of hyperventilation 
and its consequences for lung injury and repair vary with the 
amount of Co

2
 to be cleared per minute (influenced by oxygen 

consumption and metabolic acidosis) and with the set equili-
bration target for Paco

2
.

Due to the reduced dimensions and low absolute compli-
ance of the BL, the increase in total ventilation required to 
achieve a physiologic arterial pH is usually obtained by keeping 
Vt relatively low while increasing the respiratory rate, a com-
bination which, for a given expired volume per minute (Ve), 
tends to further increase the “anatomic” (series) component of 
the total “dead space” (15). In severe ARDS, the total ventila-
tion required to maintain a normal Paco

2
 usually proves un-

attainable or clinically inadvisable. Consequently, unless aided 
by a reduction of Co

2
 production or by extracorporeal sup-

port, the alveolar Pco
2
 of the BL must rise to boost the volume 

of Co
2
 discharged per breath.

DETERMINANTS OF VILI RISK AND 
PROGRESSION
Repeated exposure to tidal cycles that cause excessive, frac-
turing strain of structural microelements is currently believed 
the primary mechanical stimulus for tissue injury caused by 
ventilation (4, 5). Overt VILI results eventually when the rate 
of such disruptions exceeds the lung’s endogenous capability 
to prevent or repair them (Fig. 1). Accepting this view, it fol-
lows that a sufficient critical strain must first occur during tidal 
inflation before repeated cycles of that type produce damage 
(4, 16). The critical airspace pressures required to initiate VILI 
are almost certain to differ with the cause and stage of ARDS 
(16, 17), with the velocity of their application (14, 18–20), as 
well as with disease co-factors, status of pulmonary vascular 
filling and pressure, and certain therapeutic interventions 
(e.g., IV fluids, Fio

2
) (7, 21–23). Consequently, in experimental 

studies, the critical tidal plateau pressure has been reported to 
vary from ≈ 11 to 60 cm H

2
O (21, 22), depending on species 

type, priming presence and model of injury, supportive meas-
ures, and initial state of health or disease. Furthermore, critical 
airspace pressures and strains are likely to differ site-by-site 
within the lung parenchyma and with the extent and histologic 
stage of lung damage.

Two time-dependent processes compete to determine 
whether the threshold for mechanical injury rises (resisting 
mechanical damage and promoting repair) or falls (favoring 
iatrogenic injury). Successful therapies directed at disease con-
trol and innate healing processes (e.g., micro-wound organi-
zation and fibrosis) proceed steadily over time, in opposition 
to the accumulating number of potentially intolerable strain-
ing cycles (5, 17) (see What Slows VILI Vortex, following). 
Regarding the latter, externally measured airway pressures, 
flows, and volumes do not faithfully indicate the true stresses 
and strains that influence the locally specific power applied to 
tissues at the parenchymal level, nor do they accurately reflect 
the changing mechanical properties of units within the BL 
compartment (24). Mechanical heterogeneity, which increases 
with damage extent and severity, focuses stress at junctional 
interfaces and accentuates effective strain (25, 26). Stress 
amplifiers include local forces arising from geometrical inter-
dependence, flow-accentuated viscoelastic drag, and the pro-

gressive strain experienced as 
weaker stress-bearing elements 
of the extracellular fibrillar 
matrix fracture or drop away, 
further encumbering those 
fibrils of the supporting ma-
trix network that remain intact 
or altering the conformation 
and alveolar wall tension of 
the affected units (Fig. 2) (27). 
This ongoing transfer and am-
plification of stress promote a 
positive feedback cycle of in-
tolerable strain, progressive 
loading and dwindling reserve 

Figure 1. Progressive drop-out of stress-bearing matrix elements. A, Ultra-structure of the stress-bearing net-
work. B, Principle of progressive loading and predisposition to sequential failure of parallel stress-bearing ele-
ments. Dropout of weak strands increases the strain on those remaining.
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of edema always accompanies damage to the gas exchanging 
membrane and that edema is rather easily increased by fluid 
administration or other interventions that alter pulmonary 
vascular pressures.

Finally, although seldom considered, the reduced capacity 
of the BL should also boost the potential for injury to propa-
gate via the air passages that connect functioning alveoli with 
adjacent ones that are already flooded by inflammatory edema 
(35). This propensity increases as aerated volume contracts be-
cause the smaller BL accommodates and compartmentalizes 
fluid less well than its larger counterpart.

WHAT CHECKS OR REVERSES THE “VILI 
VORTEX”?

Disease in Evolution
Reactive and reparative responses to excessive stress tend to in-
terrupt and reverse the vicious cycle of progressive VILI. Un-
altered and intrinsically compliant units embedded in zones 
of inflammatory debris and edema may become “externally” 
buttressed by what surrounds them and therefore experience 
lower tidal stretching forces and more tolerable strain as their 
“functional specific elastance” rises (Fig. 4). Early on, open 
alveoli in gravitationally dependent zones of the layered BL 
experience “crowding” from tissues above and below them, 
raising their opening pressures and proclivity to collapse. Over 
time, organization of proteinaceous edema and inflammatory 
debris may transition the make-up of the BL from normally 
compliant units in any zone to ones with higher specific elas-
tance that opposes potentially damaging strain.

Therapeutic Interventions
Apart from recruitment of lung units that, speaking met-
aphorically, “grow” the BL and help diffuse stress and strain 
throughout the aerated network, one of the primary ben-
efits from low to moderate PEEP applied in the early phase 
of ARDS management may be to provide counterpressure 

that redistributes and trans-locates alveolar edema from alve-
olus to the interstitial matrix (36). In this process, PEEP also 
brakes, interrupts or prevents tidal trans-airway propagation 
of protein and mediator-laden fluid. Potentially adverse con-
sequences of higher and unnecessary levels of PEEP, however, 
include augmented ventilating power, hemodynamic compro-
mise of systemic vital organs, and increased stress on already 
open units of the BL, particularly when ventilation occurs 
in the supine position. In contrast, regional transpulmonary 
forces are more evenly distributed by prone positioning (37, 
38). Proning is a key intervention to improve V/Q matching 
and to avoid the regional application of tidal strains above the 
VILI threshold—even when total functional residual capacity 
(FRC) and overall BL size are not improved by the position 
change. Moderate PEEP may or may not complement these 
protective benefits. In theory, the value of prone positioning 
as a “VILI vortex” countermeasure would be greatest in the in-
itial (most recruitable and perhaps most edematous) stages of 
ARDS (37, 38).

CLINICAL CONSIDERATIONS
Most experienced intensivists have encountered patients with 
initially localized infiltrates that proceed within hours to 
the radiographic “white out” that characterizes catastrophic 
ARDS. Lacking a clearly obvious explanation for the accelera-
tion, such rapid deterioration is often attributed to the natural 
progression of ARDS. Undoubtedly, some of these adverse pro-
gressions are inescapable, as they result from unusually high 
vascular permeability, for example, H1N1 (39), the need for 
copious IV fluids to support systemic blood pressure and car-
diac output, or combinations of such factors. Even so, we pro-
pose that in other cases, catastrophic decline that occurs despite 
protocol-guided care may be avoided by earlier intervention to 
preserve the size and capacity of the BL. Disturbingly, COVID-
19 ARDS, a disease that attacks from the vascular (endothe-
lial) side has prompted early-phase protocol-driven choices 
that encourage using higher PEEP to confront the problems 
of hypoxemia in what initially is a rather flexible lung predis-
posed to overstretch. Because vascular dysregulation appears 
to be the likely cause of hypoxemia during this early phase, that 
unwise choice to raise mean airway pressure and avoid lung 
unit collapse usually (but not invariably) improves arterial 

Figure 3. Positive feedback and the “ventilator-induced lung injury vortex” 
of the shrinking baby lung.

Figure 4. Some baby lung units may be protected (not made more vul-
nerable) as injury advances by reduced intrinsic compliance or their being 
embedded among already damaged units that surround them.
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Homogeneous lung compartment with high [18F]FDG uptake rate
This compartment was composed of 39±22% not inflated, 41±20% well inflated and 20±15% poorly
inflated tissue. The size of this compartment was similar in mild, moderate and severe ARDS (53±14%,
53±20% and 67±1% of the total lung volume, p=0.29). It was directly related to physiological dead space
(r2=0.23, p=0.04), but unrelated to PaO2/FiO2 (r2=0.02, p=0.52), respiratory system elastance (r2=0.04,
p=0.39) and lung recruitability (r2=0.03, p=0.48).

Inhomogeneous lung compartment with normal [18F]FDG uptake rate
This compartment was primarily composed by poorly inflated tissue (69±10%). The size of this
compartment was similar in mild, moderate and severe ARDS, and accounted for only 2±1%, 5±5% and
1±1% of the total lung volume, respectively (p=0.11). Its size was unrelated to PaO2/FiO2 (r2=0.01, p=0.67),
respiratory system elastance (r2=0, p=0.94) and lung recruitability (r2=0.01, p=0.69).

Inhomogeneous lung compartment with high [18F]FDG uptake rate
This compartment was only composed of not inflated and poorly inflated tissue in equal proportions. We
observed a trend of an increase in size from mild, moderate to severe ARDS (12±3%, 16±9% and 27±11%,
of total lung volume, respectively, p=0.14). Its size was directly related to PaCO2 (r2=0.37, p<0.01),
physiological dead space (r2=0.31, p=0.01), respiratory system elastance (r2=0.30, p=0.01) and lung
recruitability (r2=0.53, p<0.001), and inversely related to PaO2/FiO2 (r2=0.21, p=0.04).

Spatial distribution of lung compartments with different homogeneity/[18F]FDG uptake rate
The distribution of the lung compartments within dependent/nondependent lung regions is summarised in
figure 2a. As shown, the most represented compartment (homogeneous with high [18F]FDG uptake rate)
was similarly distributed between the dependent and nondependent lung regions. In contrast, the
homogeneous lung compartment with normal [18F]FDG uptake rate was almost double in the nondependent

a) Mild

b) Moderate

c) Severe

FIGURE 1 Interaction between [18F]FDG uptake rate and lung inhomogeneity in mild, moderate and severe
ARDS. Lung compartments at different lung levels from the apex to the base. Lung compartment colour code:
white, homogeneous with normal [18F]FDG uptake rate; green, inhomogeneous with normal [18F]FDG uptake
rate; yellow, homogeneous with high [18F]FDG uptake rate; red, inhomogeneous with high [18F]FDG uptake
rate; shadowed areas represent not inflated tissue. Patient a) mild ARDS (polytrauma with bilateral
pulmonary contusion), PaO2/FiO2 257, ICU outcome: alive. Patient b) moderate ARDS (bacterial pneumonia:
Streptococcus pneumoniae), PaO2/FiO2 172, ICU outcome: alive. Patient c) severe ARDS (bacterial pneumonia:
Staphylococcus aureus) PaO2/FiO2 87, ICU outcome: dead. See online supplementary material for images of all
the patients. [18F]FDG: [18F]2-fluoro-2-deoxy-D-glucose; ARDS: acute respiratory distress syndrome; PaO2:
arterial oxygen tension; FiO2: inspiratory oxygen fraction; ICU: intensive care unit.
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Weights of VILI lungs did not differ between volutrauma and 
atelectrauma (p = 0.251). Hyper- and normally aerated com-
partments were increased, whereas the nonaerated compart-
ment was decreased at end-inspiration and end-expiration, in 
volutrauma compared with atelectrauma. At end-inspiration, 
the poorly aerated compartment was reduced in ventral and 
mid-ventral lung regions in volutrauma compared with atel-
ectrauma (Fig. 5). Volutrauma compared with atelectrauma 
increased tidal hyperaeration in all, except to ventral, lung 
regions, while decreasing tidal recruitment (Fig. 6). Further 
results are presented in the supplemental data (Supplemental 
Digital Content 1, http://links.lww.com/CCM/B808).

DISCUSSION
In the current experimental model of ARDS, we found that 
volutrauma, as compared with atelectrauma: 1) increased lung 
inflammation, mainly in mid-ventral, central, and mid-dorsal 
lung regions; 2) decreased F

BLOOD
 along the ventral-dorsal axis, 

at comparable perfusion; 3) decreased non- and poorly aer-
ated, but increased normally and hyperaerated lung compart-
ments; and 4) was associated with more tidal hyperaeration 
and less tidal recruitment.

To our knowledge, this is the first study determining the 
effects of volutrauma and atelectrauma at comparable low V

T
 

and RRs on regional lung inflammation, perfusion, aeration 
compartments, and tidal hyperaeration as well as recruitment. 
We used saline lung lavage as a first hit because it has little 
impact on lung inflammation and, therefore, represents an ideal 
way to investigate the effects of ventilation strategies in VILI 
(21). The double-hit model of ARDS consisting of saline lung 
lavage followed by injurious MV reproduces typical features 
of ARDS in humans regarding lung function, inflammation, 

and damage. Using lung sepa-
ration combined with extra-
corporeal CO

2
 removal, which 

was necessary to avoid exces-
sive hypercapnia with result-
ing severe respiratory acidosis 
caused by one-lung ventila-
tion with low V

T
, we isolated 

the individual contributions of 
volutrauma and atelectrauma 
on lung inflammation during 
VILI. We opted for a recruit-
ment maneuver with sustained 
inflation because it is highly 
effective in opening lungs in a 
model of moderate ARDS (20, 
22). In addition, after recruit-
ing lungs and differently from 
clinical lung protective MV, we 
selected levels of PEEP accord-
ing to the pressure–volume 
curve of the respiratory system, 
in order to induce predomi-
nantly volutrauma or atelec-

trauma. Previous studies on injurious ventilation strategies 
were not able to avoid overlapping effects of atelectrauma and 
volutrauma on lung histology (5), cytokine release (23), and 
also lung inflammation measured by [18F]FDG uptake (24, 25).

PET with [18F]FDG represents a well-established method 
to assess pulmonary inflammation in vivo, which has been 
increasingly used in a variety of pulmonary diseases (26). 
Normal tissue shows a relatively low rate of glucose metabo-
lism. Thus, in absence of neoplasy, [18F]FDG accumulates in 
inflammatory cells, especially neutrophils, as shown by micro-
autoradiography of bronchoalveolar lavage fluid in patients 
with pneumonia (27).

The observation that lung inflammation was higher in vol-
utrauma than atelectrauma can be explained by several factors, 
including static as well as dynamic stress and strain of lung 
units, driving pressure, regional perfusion, and blood volume.

In volutrauma, the static component of strain was higher 
than in atelectrauma. Since V

T
 was low and comparable in both 

groups, the dynamic component of strain was comparatively 
lower in volutrauma. Furthermore, the static stress was higher 
in volutrauma than atelectrauma as evidenced by increased 
inspiratory airway pressures. Consequently, higher static stress 
and strain likely contributed to the increased lung inflamma-
tion in volutrauma.

Previous experimental (5, 28) and clinical (6) studies 
reported that activation of inflammation in dependent lung 
regions is lower than in nondependent ones, suggesting that 
the contribution of volutrauma to VILI is greater than that 
of atelectrauma. However, those studies focused on dynamic 
and not static stress and strain. In contrast to our study, other 
investigators reported higher regional lung inflammation in 
dependent compared with nondependent lung zones during 
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Figure 2. Three-dimensional illustration of the distributions of aeration and single-slice images of gas 
fraction, perfusion, and [18F]-fluorodeoxyglucose uptake rate (Ki) of representative animals. Three-dimensional 
illustration of the distribution of aeration, as well as 2D slice images of the gas fraction (FGAS), perfusion, and 
[18F]-fluorodeoxyglucose uptake rate (KiP, computed voxel by voxel using Patlak method, and normalized to 
[1 – FGAS]) in representative animals of the volutrauma (upper) and atelectrauma groups (lower), respectively. 
Two-dimensional slice images represent the maximal cross-sectional areas of the respective slice in the whole 
lung images. Horizontal color bars denote the respective scales. Hyper = hyperaerated compartment, L = left 
VILI (ventilated) lung, non = nonaerated compartment, normal = normally aerated compartment, poor = poorly 
aerated compartment, R = right control (nonventilated) lung.



Ventilator-induced lung Injury

• Stress
– Net force acting on a material structure
– Net distending pressures applied on the lung parenchyma, opposed by 

the elastic recoil pressures generated by the tensioned alveolar walls and 
lung scaffold

– PL (Paw – Ppl) under zero flow conditions
– Surrogate = Plateau pressure
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Ventilator-induced lung Injury

• Strain
– Deformation experienced by a structure, defined by a change in length or 

volume compared to the initial length and volume of the structure
– Vt / FRC
– Surrogate = Vt
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Ventilator-induced lung Injury

• Stress and strain = delivery of mechanical energy to the lung

• Two possibilities
– Mechanical energy so great = stress-at-rupture (barotrauma)
– Mechanical energy below stress-at-rupture threshold and sufficient time = 

lung damage

• Energy X time = mechanical power = VILI

Pierre-Marc Chagnon MD FRCPC



Motion Equation

• Paw = Pvent + Pmus = Pel + Pres + PEEPtot + Pin

• During passive ventilation, Pmus is nil
• Aside from HFOV and coughing, inertance is negligible

• Paw = (El X Vt) + (R X Q) + PEEPtot

Pierre-Marc Chagnon MD FRCPC
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using static Paw (Pplat and PEEPtot)
reflects the summed influence of both
alveolar units (in parallel) and chest wall (in
series). Small airways may also have some
compliance, but they contribute with less
than 3% of static lung compliance (40, 41).

Static Measurements for Partitioning
Lungs and Chest Wall
The measurement of Paw allows the
description of the total respiratory system. To
differentiate the mechanical properties of the
lungs from those of the chest wall requires
measuring the pleural pressure (Ppl). The
pressure applied on the lungs is the difference
between Paw and Ppl, and is called the PL (42).
When the respiratory muscles are relaxed, the
pressure applied on the chest wall (Pcw) is
the difference between Ppl and body surface
pressure (Pbs); the pressure applied on the

total respiratory system (Prs) is the difference
between Paw and Pbs. Hence,

Prs ¼ Paw 2  Pbs

¼ ðPaw 2  PplÞ1 ðPpl 2  PbsÞ
¼ Pl1Pcw: (9)

Pbs is usually atmospheric pressure,
which, by convention, is referred to as zero.
All of the mechanical properties of the
respiratory system can be partitioned into
lungs and chest wall by separating pressures.
For example, Paw at EIO would be the sum of
PL and Pcw:

Pplat ¼ Pl;eio1Pcw;eio: (10)

The change in the elastic pressure of the
respiratory system is the sum of the change
in lung elastic pressure and the change in
chest wall elastic pressure (Figure 1), and:

Ers ¼ El1Ecw; (11)

where EL and Ecw denote lung and chest
wall elastance (the inverse of lung and chest
wall compliance). Estimating Ppl with an
esophageal balloon catheter has made all
these calculations possible (Figure 2) (43,
44). As the esophageal pressure (Pes)
obtained through a catheter approximates
Ppl, Equations 9 and 10 can be restated by
replacing Ppl with Pes. PL is calculated as
the difference between Paw and Pes, and
reflects the distending pressure of the lung.
These measurements are illustrated in
Figure 1. Two detailed reviews of the
application of Pes, technical instructions,
and interpretations have recently been
published (43, 44). One important
limitation is that the Ppl is not uniform,
and a pressure gradient between
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Figure 1. Static measurements of respiratory mechanics. Essential variables of respiratory mechanics can be measured by performing an end-expiratory
occlusion (EEO) and an end-inspiratory occlusion (EIO) for 1–2 seconds or by using volume-controlled ventilation with a constant inspiratory flow and an
inspiratory pause time of 0.3 seconds. When EEO and EIO are used, potential leakage needs to be excluded by comparing the difference in VT between the
breath with occlusion (light gray area of flow) and the one without occlusion (dark gray area). ∆P= driving pressure as the difference between plateau pressure
and positive end-expiratory pressure; ∆Pel,cw = the change in chest wall elastic pressure; ∆Pel,L = the change in lung elastic pressure; ∆Pel,rs = the change
in elastic pressure of respiratory system; Paw= airway pressure; PEEP= positive end-expiratory pressure; PEEPtot = total positive end-expiratory pressure;
Pes = esophageal pressure; Pes,EEO = esophageal pressure at end-expiratory occlusion; Pes,EIO = esophageal pressure at end-inspiratory occlusion; PL =
transpulmonary pressure; PL,EEO = transpulmonary pressure at end-expiratory occlusion; PL,EIO = transpulmonary pressure at end-inspiratory occlusion;
Ppeak = peak airway pressure; Pplat = plateau pressure; Pplat,est = estimated plateau pressure; Pres = resistive pressure; VCV= volume-controlled ventilation;
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Mechanical Power
• Mechanical power

– Amount of energy transferred from the mechanical ventilator to the respiratory system within a given timeframe
– Parameters set by clinician = Vt + RR + inspiratory flow + PEEP
– Patient-dependent variables = Peak + plateau + driving pressures

• Mechanical energy
– Sum of potential and kinetic energy
– Potential energy = baseline tension of respiratory system (PEEP)
– Kinetic energy = required to overcome elastic and resistive forces of the respiratory system to generate movement 

(elastance and resistance)

• Intensity
– Mechanical power normalized to the amount of ventilated pulmonary surface
– Reference to baby lung theory
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force (ie, spontaneous or mechanical)12—for a given condition, the damages will be
roughly equivalent if we neglect the hemodynamic drawbacks, which are different dur-
ing mechanical ventilation (blood pushed out of the thorax) or during spontaneous
breathing (blood pulled into the thorax). Owing to the vagueness of this definition, it
is not surprising that VILI includes a wide series of lung damages, ranging from edema
to gross pneumothorax. Indeed, depending on the putative cause of lung damage
addressed by the different authors, over the years VILI has been further defined as
barotrauma, volutrauma, atelectrauma, or biotrauma. Although VILI mechanisms
have been intensively investigated in several experimental models, its “diagnosis”
and quantification in ARDS is elusive, because its manifestations are indistinguishable
from ARDS itself. It is even possible that VILI is an unavoidable component of ARDS
that cannot exist without mechanical ventilation (ie, life-saving treatment). In a sense,
we could say that VILI—to an undetermined extent—is part of the natural history of
ARDS.

THE NATURE OF VENTILATOR-INDUCED LUNG INJURY

In line with a recent series of experiments, we postulate that VILI is caused by the de-
livery of a critical amount of mechanical energy to the lung. The word critical could
refer to:

1. An amount of energy determining a structural deformation sufficient to activate
mechanotransduction-related inflammation or create microwounding.

2. Mechanical energy sufficient to break molecular bonds of the fibers composing the
extracellular matrix.3 The resulting polymers may activate the inflammatory reac-
tion through a stimulation of toll receptors.

It is important, however, to emphasize 1 concept: the mechanical energy is either so
great as to cause stress-at-rupture (eg, pneumothorax) or, when below the stress-at-
rupture threshold, it is delivered for a sufficient time. In other words, the greater the
mechanical energy applied over time, the greater the amount of lung damage
(ie, microfractures) in the extracellular matrix and the cell membrane. Above a certain,
unknown threshold of energy/time, the rate of microscopic damage will eventually
overcome the repair capability of the lung structures, leading to VILI. Therefore, energy
and time are the 2 essential components of VILI development and, considered
together, they define the mechanical power.

The Mechanical Power

Indeed, all mechanical factors implied in ventilation—namely, tidal volume, driving
pressure, flow, resistances, respiratory rate, and PEEP—are different components
of a unique physical variable, which is the energy delivered over time, that is, the me-
chanical power. Strictly speaking, the mechanical power should be expressed in watts
(ie, joule/s). However, this represents the intensity of the mechanical ventilation,
whereas VILI—below stress at rupture—depends greatly on the duration of energy
application. Therefore, we prefer to express the mechanical power in joules per
minute.
The mechanical power is derived by multiplying each component of the motion

equation by the tidal volume.13 Accordingly, in the respiratory system we have:
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Where 0.098 is the conversion factor from L/cm H2O to Joules; RR is the respiratory
rate, DV is the tidal volume, ERS is the elastance of the respiratory system; I:E is the
ratio between inspiratory and expiratory time; and Raw are the airway resistances.
The term ERS

1
2DV

2 is the energy required to inflate the respiratory system (ie, dynamic
power when related to time; the ERS DV product equals the driving pressure). The term
DV 2$ RR$ð11I:EÞ

60$I:E $Raw is the energy required to overcome the airways and tissue resis-
tances (ie, the resistive power, when related to time). The termDV $PEEP is the energy
required to equilibrate the potential energy stored in the system at PEEP level
(ie, “static” power when related to time).
The mechanical power applied to the lung was computed as follows:
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Where EL is the lung elastance; PawPEEP and PawZEEP are the airway pressures
measured at PEEP and Zero-end expiratory pressure (ZEEP), respectively; PesPEEP
and PesZEEP are the esophageal pressures measured at PEEP and ZEEP, respectively.
Dynamic, resistive and static lung power mirror the components described above for
the whole respiratory system.
It is possible to mathematically simplify the equation1 as follows:
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Although the relative weight of each mechanical power component may vary in the
different ventilatory settings, there is no doubt that its dynamic element plays a major
role. Indeed, using mathematical exponents, the mechanical power is function of the
tidal volume raised to the power of 2, the respiratory rate raised to the power of 1.4
and PEEP raised to the power of 1. It is, therefore, useful to analyze in some detail which
are the relevant pressures and volumes through which VILI may occur. A wise manage-
ment of mechanical ventilation should include the measurements discussed herein.

Delivery of Mechanical Power and Lung Inhomogeneity

When discussing how the delivery of mechanical energy can be injurious to the lung,
we should address a spatial and a temporal factor, inquiring where the energy is
distributed and during which phase of the respiratory cycle.

Spatial factor
The distribution pattern of the energy applied to the lung mainly depends on the ho-
mogeneity of the lung and it is mirrored by the distribution of strain and stress, which
are direct consequences of energy application. Considering a homogeneous, theo-
retic system, each pulmonary unit receives the same quantum of energy, which is,
therefore, evenly distributed (Fig. 1, left). Even the normal lung, however, is an inhomo-
geneous system, particularly where structures with different elasticity interface each
other (eg, connection of fiber network to the visceral pleura). Furthermore, during path-
ologic processes, inhomogeneity can greatly increase, especially at the interface be-
tween collapsed and open pulmonary units (see Fig. 1, right). Indeed, a classical paper
of by Mead and associates8—who studied stress and strain distribution between
completely distended and completely collapsed units—suggested that, at the inter-
face between normal and pathologic tissue, there is a focused stress considerably
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Introduction
Mechanical power is a summary variable, which includes all the putative causes of
ventilator-induced lung injury (VILI): tidal volume [1, 2], driving pressure [3] (i.e., the
product of elastance and tidal volume), flow [4], respiratory rate, and end-expiratory
positive pressure [5]. To better illustrate the meaning of mechanical power, we initially
used the motion equation for the respiratory system multiplied by tidal volume and re-
spiratory rate, achieving an expression of total energy delivered to the respiratory sys-
tem in 1 min [6]. The advantage of using the motion equation components to illustrate
the mechanical power is that the relative weight of the different variables may be clearly
understood. The disadvantage is, however, the relative computational complexity. Sim-
plified versions, however, are available [6]. Using airway pressure, these formulas apply
only to relaxed patients during volume-controlled ventilation. Different versions have
been proposed to compute mechanical power during passive pressure-controlled venti-
lation [7, 8]. A complete series of equations nowadays available are presented in Fig. 1.
As illustrated, all formulas used for the computation of mechanical power are either
very complex or require active manipulation of the ventilator to measure some of their
constituent variables, e.g., driving pressure, airway resistance, and elastance, which all
need an inspiratory hold. For volume-controlled ventilation, the extended equation pro-
posed by Gattinoni et al. [6] represents the most precise calculation of mechanical
power, but some of its variables, such as the airway and tissue resistances and the elas-
tance of the respiratory system, are not easily measurable in the clinical setting. For
pressure-controlled ventilation, two accurate equations have been proposed [7, 8], but
both require the knowledge of some parameters (resistances, respiratory system com-
pliance) which are not usually continuously displayed or quantified by the ventilator. In
their paper, Becher et al. [7] also proposed a surrogate of their formula for pressure-

Fig. 1 Mechanical power equations for volume-controlled and pressure-controlled ventilation. Six equations
for the calculation of mechanical power are available to date. For volume-controlled ventilation, the
extended equation proposed by Gattinoni et al. still represents the reference equation and the simplified
equation proposed by the same group is a mathematical rearrangement of it, which means that the two
formulas can be considered identical. The surrogate equation that we propose in this paper carries a small
bias (underestimation), but also the advantage of being simple and easily available just by looking at the
ventilator. For pressure-controlled ventilation, the two extended equations proposed by Van der Meijden
et al. and by Becher et al. are both very accurate, but complex. As for our surrogate, the one proposed by
Becher et al. carries a small bias (overestimation), but also the advantage of being simple and easily
available just by looking at the ventilator

Giosa et al. Intensive Care Medicine Experimental            (2019) 7:61 Page 2 of 13



Mechanical Power

• Mechanical power differs 
according to mode of 
ventilation
– Higher in VCV where peak 

pressure is higher than plateau 
pressure

– PCV => peak pressure is 
equivalent to plateau pressure

• Assisted ventilation
– Dissociation of mechanical power 

imparted by the machine vs. 
respiratory muscles
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decrease, and vice-versa: if an increase in PEEP level fails to reduce or even increases driving
pressure and respiratory system elastance, mechanical power will increase because of im-
pairment of respiratory system mechanics due to overdistension of alveolar units.
Mechanical power may also differ according to the mode of mechanical ventilation

(pressure-controlled ventilation (PCV) or volume-controlled ventilation (VCV)), even
when ventilator settings are the same. Mechanical power is probably higher in VCV
than in PCV, as suggested by the illustrative diagram shown in Fig. 5: in PCV, peak
pressure is equivalent to plateau pressure, while in VCV, peak pressure is higher than
plateau pressure due to the resistive component. However, it is still unclear whether
the resistive and elastic components of power have the same biological impact. In short,
the type of ventilation should be taken into account when evaluating the effects of
mechanical power on lung injury.
Current knowledge on the concept of mechanical power has limitations that should be

addressed in future studies. First, all studies to date have focused on VCV. It would be of
interest to investigate the effects of other ventilation modes, particularly pressure-controlled
and assisted ventilation. During assisted ventilation, mechanical power is provided by the

Fig. 5 Mechanical power during volume- and pressure-controlled ventilation. Top panels represent the
typical pressure-time curve of these two controlled ventilation modes; middle panels, the flow-time curves;
and bottom panels, the weight of different power components in the two ventilation modes. VCV, volume-
controlled ventilation; PCV, pressure-controlled ventilation

Silva et al. Intensive Care Medicine Experimental 2019, 7(Suppl 1):38 Page 8 of 11



Mechanical Power

• Temporal factor
– Distribution of energy throughout the respiratory cycle

• Potential energy accumulated during inspiration
• Energy dissipation with lung tissue recoil during expiration

– Consideration for RR (# of insults per minute)
– Consideration for I:E ratio

• Directly proportional with mechanical power
• Higher I:E = shorter expiratory time = less energy dissipation = higher mechanical 

power
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Mechanical Power

• No account for intensity (spatial factor)
– Heterogeneity (regional + alveolar stress and 

strain)
– Regional intensity

• Energy applied to opened units (baby lung - 
volutrauma)

– Alveolar intensity
• Energy applied to boundary zones (atelectrauma)

– Normalize to open and available lung?
• FRC measurements?
• SCAN-derived aerated lung?
• Ideal body weight?

– Measured mechanical power underestimation

Pierre-Marc Chagnon MD FRCPCgreater than the average applied to the fully open lung. Mead computed that—at the
interface between a unit inflated at its total capacity (volume5 10 arbitrary units) and 1
completely collapsed (volume 5 1)—the focal stress would be equal to the stress
applied to the lung times 102/3 (a stress multiplier equal to 4.6). More recently, using
computed tomography (CT) scan measurement of inhomogeneity, we estimated
that the focal stress would increase by a factor of 2,14 implying that a transpulmonary
pressure of 30 cm H2O would locally correspond with about 60 cm H2O. Therefore,
locally, the stress may be twice as great as the transpulmonary pressure applied to
the whole lung. The associated energy, however, would be 4 times greater, because
it increases with the square of the applied pressure.13

Temporal factor
Regarding the distribution of energy through the respiratory cycle, data are extremely
scarce.15 However, theoretic considerations suggest that the “damaging” energy may
primarily be the one dissipated in the airways and in the lung tissue recoil during expi-
ration. A model of this phenomenon is presented in Fig. 2.

THE ASSESSMENT OF VENTILATOR-INDUCED LUNG INJURY
Experimental Models

The assessment of lung edema is probably the most common method used to
describe VILI in experimental models. Indeed, edema often manifests with the deteri-
oration of lung mechanics and gas exchange, and it can be better quantified by lung

Fig. 1. (Left) Theoretic model of a homogeneous system, represented as 2 normal and iden-
tical pulmonary units. (Right) Theoretic model of an inhomogeneous system, represented as
one atelectatic unit (gray) and a normal, contiguous unit (white). DPaw, airway driving
pressure; DPes, driving esophageal pressure; DPpl, driving transpulmonary pressure; MP, me-
chanical power; Vt, tidal volume.
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Mechanical Power

• Stronger association with outcome than any of the components
• Prognostic threshold?

– 12-18 J/min according to different studies (mainly animal)
– Yet to be defined in humans
– Normalization to the size of the lungs (body weight? CRF? Compliance?)
– Not all the elements of MP have equal weight = iso-power packages

• Recruitability, best-PEEP determination and protective ventilation?
– Achieving the lowest mechanical power and intensity
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• ARMA trial (NEJM 2000, 342 (18), p. 1301)

• Maintain low Vt and airway pressures

• Maintain lung open and avoid cyclic lung collapse at 
end-expiration (role of PEEP)
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Background

 

Traditional approaches to mechanical
ventilation use tidal volumes of 10 to 15 ml per kilo-
gram of body weight and may cause stretch-induced
lung injury in patients with acute lung injury and the
acute respiratory distress syndrome. We therefore
conducted a trial to determine whether ventilation
with lower tidal volumes would improve the clinical
outcomes in these patients.

 

Methods

 

Patients with acute lung injury and the
acute respiratory distress syndrome were enrolled in
a multicenter, randomized trial. The trial compared
traditional ventilation treatment, which involved an
initial tidal volume of 12 ml per kilogram of predicted
body weight and an airway pressure measured after
a 0.5-second pause at the end of inspiration (plateau
pressure) of 50 cm of water or less, with ventilation
with a lower tidal volume, which involved an initial
tidal volume of 6 ml per kilogram of predicted body
weight and a plateau pressure of 30 cm of water or
less. The first primary outcome was death before a
patient was discharged home and was breathing
without assistance. The second primary outcome
was the number of days without ventilator use from
day 1 to day 28.

 

Results

 

The trial was stopped after the enrollment
of 861 patients because mortality was lower in the
group treated with lower tidal volumes than in the
group treated with traditional tidal volumes (31.0 per-
cent vs. 39.8 percent, P=0.007), and the number of
days without ventilator use during the first 28 days
after randomization was greater in this group (mean
[±SD], 12±11 vs. 10±11; P=0.007). The mean tidal
volumes on days 1 to 3 were 6.2±0.8 and 11.8±0.8 ml
per kilogram of predicted body weight (P<0.001), re-
spectively, and the mean plateau pressures were
25±6 and 33±8 cm of water (P<0.001), respectively.

 

Conclusions

 

In patients with acute lung injury and
the acute respiratory distress syndrome, mechanical
ventilation with a lower tidal volume than is tradition-
ally used results in decreased mortality and increas-
es the number of days without ventilator use. (N Engl
J Med 2000;342:1301-8.)
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HE mortality rate from acute lung injury
and the acute respiratory distress syndrome
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is approximately 40 to 50 percent.

 

2-4

 

 Al-
though substantial progress has been made

in elucidating the mechanisms of acute lung injury,

 

5

 

there has been little progress in developing effective
treatments.

Traditional approaches to mechanical ventilation
use tidal volumes of 10 to 15 ml per kilogram of body
weight.

 

6

 

 These volumes are larger than those in nor-
mal subjects at rest (range, 7 to 8 ml per kilogram),
but they are frequently necessary to achieve normal
values for the partial pressure of arterial carbon diox-
ide and pH. Since atelectasis and edema reduce aer-
ated lung volumes in patients with acute lung injury
and the acute respiratory distress syndrome,
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 inspir-
atory airway pressures are often high, suggesting the
presence of excessive distention, or “stretch,” of the
aerated lung. In animals, ventilation with the use of
large tidal volumes caused the disruption of pulmo-
nary epithelium and endothelium, lung inflammation,
atelectasis, hypoxemia, and the release of inflamma-
tory mediators.

 

9-14

 

 The release of inflammatory me-
diators could increase lung inflammation and cause in-
jury to other organs.

 

10,15

 

 Thus, the traditional approach
to mechanical ventilation may exacerbate or perpet-
uate lung injury in patients with acute lung injury and
the acute respiratory distress syndrome and increase
the risk of nonpulmonary organ or system failure.

T



ARDSnet Protocol

• Decreased mortality (40% vs. 31%)

• Should be standard of care

• Increased mortality in control group?
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ARDSnet Protocol
• Aim for

– Vt 4-6 cc/Kg PBW
– Plateau pressures (Pplat) < 30 cmH2O
– SatO2 ≥ 88%, PaO2 > 55 mmHg (FiO2 ≤ 60%)
– Adjust PEEP according to FiO2 scale
– No recruitment in protocol
– RR ≤ 35
– Permissive hypercapnia with pH ≥ 7.30
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ARDSnet Protocol

• Maintain FiO2 < 60%, aim for SaO2 > 88%
– Prevention of oxygen toxicity
– Controversial…  Largely based on animal studies

• Security of permissive hypoxemia not documented
– More cognitive impairment and psychiatric disorders?
– Differences from patient to patient, organs to organs
– Biomarkers?

Pierre-Marc Chagnon MD FRCPC



Permissive Hypoxemia
• Two trials demonstrating potential benefits from conservative oxygen therapy

• IOTA, Lancet 2018, 391, p. 1693 (systematic review and meta-analysis)
– Lower rate of death
– Trials included were considerably more liberal for oxygen therapy in the usual-care 

groups
– Few patients were critically ill

• Oxygen-ICU trial, JAMA 2016, 316, p. 1583 (single-center trial)
– More ventilator free-days and decreased mortality
– Heterogenous population (not specific to ARDS)
– Time-weighted PaO2 = higher mortality for lower PaO2

Pierre-Marc Chagnon MD FRCPC



Permissive Hypoxemia
ICU-ROX HOT-ICU PILOT
NEJM 2020 NEJM 2021 NEJM 2022

1000 patients 2928 patients 2541 patients
ICU - Multicenter ICU - Multicenter ED + ICU – Single Center

Mechanical ventilation < 60% mechanical ventilation Mechanical ventilation
Not specific to ARDS Not specific to ARDS (12-13%) Not specific to ARDS (190 

patients)
Post-hoc = increased mortality 

in sepsis? (ICM 2020)
Post-Hoc = increased survival 
in shock patients with liberal 

approach? (Br J Anesth 2022)

N/A

No differences in primary 
outcome

No differences in primary 
outcome

No differences in primary 
outcome

Pierre-Marc Chagnon MD FRCPC



• LOCO2 Trial, NEJM 2020, 382 (11), p. 999
• Multicenter randomized trial of 205 ARDS patients according to 

Berlin definition

• Trial stopped early for futility and safety concerns

Pierre-Marc Chagnon MD FRCPC

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 382;11 nejm.org March 12, 2020 999
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BACKGROUND
In patients with acute respiratory distress syndrome (ARDS), the National Heart, 
Lung, and Blood Institute ARDS Clinical Trials Network recommends a target 
partial pressure of arterial oxygen (PaO2) between 55 and 80 mm Hg. Prospective 
validation of this range in patients with ARDS is lacking. We hypothesized that 
targeting the lower limit of this range would improve outcomes in patients 
with ARDS.

METHODS
In this multicenter, randomized trial, we assigned patients with ARDS to receive 
either conservative oxygen therapy (target PaO2, 55 to 70 mm Hg; oxygen saturation 
as measured by pulse oximetry [SpO2], 88 to 92%) or liberal oxygen therapy (target 
PaO2, 90 to 105 mm Hg; SpO2, ≥96%) for 7 days. The same mechanical-ventilation 
strategies were used in both groups. The primary outcome was death from any 
cause at 28 days.

RESULTS
After the enrollment of 205 patients, the trial was prematurely stopped by the data 
and safety monitoring board because of safety concerns and a low likelihood of a 
significant difference between the two groups in the primary outcome. Four pa-
tients who did not meet the eligibility criteria were excluded. At day 28, a total of 
34 of 99 patients (34.3%) in the conservative-oxygen group and 27 of 102 patients 
(26.5%) in the liberal-oxygen group had died (difference, 7.8 percentage points; 
95% confidence interval [CI], −4.8 to 20.6). At day 90, 44.4% of the patients in the 
conservative-oxygen group and 30.4% of the patients in the liberal-oxygen group 
had died (difference, 14.0 percentage points; 95% CI, 0.7 to 27.2). Five mesenteric 
ischemic events occurred in the conservative-oxygen group.

CONCLUSIONS
Among patients with ARDS, early exposure to a conservative-oxygenation strategy 
with a PaO2 between 55 and 70 mm Hg did not increase survival at 28 days. 
(Funded by the French Ministry of Health; LOCO2 ClinicalTrials.gov number, 
NCT02713451.)
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Discussion

In this prospective randomized trial involving 
patients with a very common form of ARDS, 
slightly more than 40% of whom had a PaO2:FIO2 
lower than 100 mm Hg, a conservative-oxygena-
tion strategy during the first 7 days of mechani-
cal ventilation did not reduce mortality at 28 days 
as expected.11,12 There was also a worrisome but 
not established signal of increased mortality at 
90 days and mesenteric ischemia. At the time of 
the last meeting of the data and safety monitor-
ing board, the trial was stopped prematurely after 
the enrollment of 205 patients because of this risk.

The oxygen exposures, as defined by either the 
FIO2 or the PaO2, were different between the two 
groups. The difference in FIO2 between the conser-
vative-oxygen group and the liberal-oxygen group 
was larger in our trial than in the OXYGEN-ICU 
trial10 and the CLOSE trial.9 In our trial, the oxy-
gen exposure in the liberal-oxygen group was 
closer to that in the control group of the other 
trials, whereas the oxygen exposure in our con-
servative-oxygen group was close to the lower 
limits recommended in various ARDS trials and 
guidelines.13-16

Our results suggest a clinically relevant excess 
of mortality in the conservative-oxygen group, 

with mortality that was 14.0 percentage points 
higher than that in the liberal-oxygen group at 
90 days. Several factors could explain our re-
sults. First, in our trial, the respiratory severity 
evaluated with the use of the PaO2:FIO2 was 
higher than that in the OXYGEN-ICU10 and 
CLOSE trials.9 Second, the trial intervention was 
administered in the first 12 hours and for the 
first 7 days, or for the duration of mechanical 
ventilation if less than 7 days. Although decreas-
ing oxygen exposure (lower FIO2) might decrease 
the lung damage at the early phase of the dis-
ease,17 patients were exposed to hypoxemia. Al-
though some clinicians recommend adjustment 
of the oxygenation target according to the sever-
ity of lung disease, the use of a low range of PaO2 
(55 to 70 mm Hg) might have exposed the pa-
tients to unsafe PaO2 levels.

2 Increased mortality 
with a PaO2 lower than 67 mm Hg was reported 
in a retrospective study from the Netherlands.18 
Furthermore, in the OXYGEN-ICU trial, mortal-
ity was lowest among patients with a median 
time-weighted PaO2 between 87 and 93 mm Hg, 
and it was increased among those with a median 
time-weighted PaO2 between 54 and 81 mm Hg. 
In the recent ICU-ROX (Intensive Care Unit Ran-
domized Trial Comparing Two Approaches to 
Oxygen Therapy)19 substudy involving patients 
with sepsis, there was a signal for higher mor-
tality in the group exposed to conservative oxy-
genation.20 Third, targeting lower oxygenation 
might decrease oxygen content and transport.13 
Hemoglobin levels were not different during 
follow-up between the two groups, and we did 
not find a difference in arterial lactate levels. 
The heart rate was higher in the conservative-
oxygen group, a finding that has been linked to 
a high mortality among patients in the ICU.21 
Fourth, the gut is sensitive to low oxygen delivery 
according to its blood supply characteristics.22

The strengths of this trial are its prospective, 
multicenter design with a clear protocol for ven-
tilation management and oxygenation targets. 
The two groups were well balanced. However, 
several limitations warrant attention. First, the 
investigators were aware of the intervention be-
cause the masking of the results of arterial 
blood gases and the SpO2 has been problematic. 
Second, the PaO2:FIO2 was used to set the PEEP 
level (according to the 200 mm Hg threshold) and 
the weaning process. Unfortunately, the PaO2:FIO2 

Figure 3. Kaplan–Meier Survival Curves over the First 90 Days.

Data regarding survival were censored at 90 days. Mortality was adjusted 
for age, ratio of PaO2 to FIO2, and Simplified Acute Physiology Score III.
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28 day mortality = 34% vs. 26%

90 day mortality = 44% vs. 30%

5 cases of mesenteric ischemia

Trend toward more cardiac 
events (arrhythmias, 
tachycardia)



Permissive Hypoxemia

• Numerous challenges to its safety
– Time-weighted PaO2 in OXYGEN-ICU (higher mortality for lower PaO2)
– Higher mortality in septic subgroup in ICU-ROX (post-hoc analysis)
– Signals of harm in LOCO2

– Retrospective review (CC 2008, 12:R156) = higher mortality for PaO2 < 67 mmHg
– Systemic oxygenation target could help some tissue beds and harm others
– Post-hoc analysis HOT-ICU = higher oxygen targets might be better in patients with 

shock (Br J Anaesth 2022, 128, p. 55)

• Challenge to lower range of SpO2 tolerated in ARDS patients

Pierre-Marc Chagnon MD FRCPC
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associations between two variables can be captured by a 
U-shaped curve, such as the one between oxygen admin-
istration and mortality, which can be supported by the 
pathophysiology detailed above. However, the statistical 
methods, either parametric or non-parametric, used to 
establish a U-shaped relationship, rely on accurate and 
reliable data. Some limitations associated with retro-
spective studies that were used to establish the U-shaped 
associations between oxygen administration and mor-
tality should be underlined in this context. For example, 
sickest patients tend to get given more oxygen; therefore, 
in a retrospective study, it will often look like high oxy-
gen levels are associated with high mortality. Regarding 
the U-shaped curve association between oxygen levels 
and mortality derived from retrospective studies, we are 
probably facing the classic association but not causa-
tion scenario. All the adjustment methods are imperfect, 
even when modern statistical adjustment is well per-
formed. Large multicentre retrospective studies derived 
from databases are subjected to residual confounding 
and imprecision of data recorded. Lower sample size 
single-centre studies are subjected to potential imbal-
ance of prognostic factors between patients receiving 

low, ‘normal’ or high levels of oxygen. Additionally, all 
retrospective studies are likely to have temporal biases, 
between oxygen administration and outcome, as oxy-
gen administration precedes the outcome. When assess-
ing mortality in patients having received oxygen during 
invasive mechanical ventilation, mortality and oxygen 
administration have already occurred at the time of study 
initiation. Therefore, only findings from randomised 
controlled trials should be used to draw an unbiased 
U-shaped curve between oxygen administration and 
mortality.

Several trials of conservative oxygen therapy (COT) 
have now been conducted in critically ill patients, and 
whilst their combined findings suggest no overall signal 
of benefit or harm, there is considerable heterogene-
ity in their design and conduct [9]. By selecting differ-
ent sub-populations of critically ill patients, imposing 
varied oxygenation targets for both the COT and com-
parator groups, and achieving incomparable measured 
arterial oxygenation levels, it is difficult to draw clear 
conclusions from what has been published to date. If 
one assumes the thesis that a U-shaped curve does exist 
[6], then we must try to place the findings of recent 

Fig. 1 A conceptual depiction of the proposed U-shaped relationship between arterial oxygenation and mortality in critically ill patients. The curve 
was adapted from Helmerhorst et al.’s graph of adjusted probability of in-hospital death by mean  PaO2 [6]. Additional findings (within the box) were 
superimposed from the trials included in a recent systematic review [9–16] and those published subsequently to it [3, 17]. Only trials that enrolled 
a mixed general ICU population were included. The inset box shows the difference between the reported (or approximated) achieved arterial 
oxygenation values in the intervention and comparator groups of each trial (represented by each arrow-head). Orange arrows denote trials with no 
difference in the primary outcome measure between lower and higher oxygenation levels; the green arrow denotes a trial in which lower oxygena-
tion was favourable; the red arrow denotes a trial that was halted early due to safety concerns in the higher oxygenation group



ARDSnet Protocol

• Ventilation mode
– VCV
– No studies demonstrating superiority of PCV (no direct comparison)
– Positive signals in studies of APRV

• Only 2 trials comparing APRV and ARMA
• CCM 2004 = 19 patients pilot study
• ICM 2017 = 138 patients unicentric trial with sicker patients in control group

– HFOV in severe subgroups?
• AJRCCM 2017 = P/F ratio < 65? 
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ARDSnet Protocol

• Calculate ideal body weight
– ♂ = 50 + 0.91(height (cm) – 152.4)
– ♀ =  45.5 + 0.91(height (cm) – 152.4)
– Adjust Vt accordingly

• Consider driving pressure and mechanical power?
– PBW-based Vt ignores the lung volume actually available for ventilation

Pierre-Marc Chagnon MD FRCPC



ARDSnet Protocol

• Start at 8 cc/Kg => decrease to 6 cc/Kg in the following 4 hours

• Pplat q 4 hours (keep < 30 cmH2O)
– If > 30, then decrease Vt by 1 cc/Kg, minimum 4 cc/Kg
– If < 25, then increase Vt by 1 cc/Kg, maximum 6 cc/Kg

• If severe dyspnea, then increase Vt to 7-8 cc/Kg IF Pplat < 30 cmH2O

• Pplat > 30 tolerated IF pH < 7.15 OR Vt = 4 cc/Kg

Pierre-Marc Chagnon MD FRCPC
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1873

beds were available [22]. Prior studies also demonstrate 
that a significant proportion of patients that die in hos-
pital following ICU discharge were expected to live at the 
time of ICU discharge [23, 24].

Limitation of life-sustaining therapies or measures
The majority of decisions to limit care were made after 
development of ARDS. Interestingly, survival in the small 
proportion of patient that had a limitation of life-sustain-
ing therapies or measures decision prior to developing 
ARDS was surprisingly high. Less surprising was the fact 
that 86 % of patients in whom decisions to limit care were 

made after the development of ARDS died in hospital. 
Increased age and the presence of active or hematologic 
neoplasm, immune suppression, chronic liver failure, and 
indices of greater illness severity were associated with lim-
itation of life-sustaining therapies or measures, consistent 
with prior findings [25]. Overall, there were similarities 
between the factors associated with patient outcome and 
those associated with limitation of life-sustaining thera-
pies or measures. This may be consistent with the fact that 
death in the ICU not infrequently occurs in the context of 
decisions to limit life-sustaining therapies or measures as 
a result of perceived futility [26, 27].

Fig. 3 Relationship between ventilation parameters and hospital mortality. Robust locally weighted regression and smoothing (LOWESS) plot 
(bandwidth 2/3, 1 degree of polynomial regression) of hospital mortality and plateau pressure (a), driving pressure (b), peak inspiratory pressure 
(c), and PaO2/FiO2 ratio (d) measured on the first day of ARDS onset. Mortality is defined as mortality at hospital discharge or at 90 days after onset 
of AHRF, which ever event occurred first. All clinical independent parameters were measured at ARDS onset. Plateau pressure and driving pressure 
analyses confined to patients in whom plateau pressure was measured and in whom there was no evidence of spontaneous ventilation (N = 742 
patients). All other analyses completed on the entire patient dataset (n = 2377 patients)

1871

independently associated with improved hospital sur-
vival, supporting prior findings from an individual patient 
data meta-analysis [12], as well as a preponderance of 
preclinical evidence suggesting benefits with higher PEEP 
particularly in more severe ARDS.

The lack of a relationship between tidal volume and 
outcome in our patients likely reflects the relatively lim-
ited range of tidal volumes used, which was concentrated 
in a range around a median of 7.1 ml/kg. In particular, the 
use of tidal volumes below 6 or above 10 ml/kg PBW was 
relatively low in these patients. In addition, there may be 

a potential confounding effect of the use of lower tidal 
volumes in more severely ill patients, which is difficult 
to fully dissect out in an observational dataset such as 
this. Our data does not imply that tidal volume is unim-
portant, but rather suggests the widespread adoption of 
lower tidal volume ventilation. We know from large well-
conducted prospective randomized clinical trials that 
reducing tidal volume is a key component of protective 
lung ventilation and saves lives [3, 13].

The association between peak, plateau, and driv-
ing pressures and both hospital and ICU outcome also 

Fig. 2 Relationship between lower versus higher tidal volume, PEEP, driving pressure, and plateau pressure and hospital mortality. a There was no 
relationship between lower (<8 ml/kg PBW) versus higher (≥8 ml/kg PBW) tidal volume and hospital mortality in patients with mild, moderate, or 
severe ARDS. b In patients with moderate ARDS, lower PEEP (i.e., PEEP <12 cmH2O) was associated with increased hospital mortality. This was not 
seen in mild or severe ARDS. c In patients with moderate and severe ARDS, higher driving pressure (i.e., ≥14 cmH2O) was associated with increased 
hospital mortality. This was not seen in mild ARDS. d In patients with severe ARDS, higher plateau pressure (i.e., ≥25 cmH2O) was associated with 
increased hospital mortality. This was not seen in mild or moderate ARDS. *P -value  < 0.05, comparison between risks. Mortality is defined as mor-
tality at hospital discharge or at 90 days after onset of AHRF, which ever event occurred first. All clinical independent parameters were measured at 
ARDS onset. Driving pressure analysis confined to patients in whom plateau pressure was measured and in whom there was no evidence of spon-
taneous ventilation (N = 742 patients). All other analyses completed on the entire patient dataset (n = 2377 patients). RR relative risk, CI confidence 
interval



ARDSnet Protocol

• Respiratory rate
– Never studied independently
– Keep < 35/min
– Aim for pH 7.30-7.45
– Beware of intrinsic PEEP

• Dead space and hemodynamic compromise
• Better oxygenation by alveolar recruitment?

– Increased RR = increased mechanical power = VILI
– LUNG SAFE (ICM 2016, 42, p. 1865)

• Increased mortality associated with elevated RR
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Permissive Hypercapnia

• Absolute contra-indications
– Pregnancy
– Head injury and intra-cranial hypertension
– Severe hemodynamic instability

• No patient in the ARDSnet benefited from NaHCO3 therapy
• Thus efficiency not well documented

Pierre-Marc Chagnon MD FRCPC
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VENTILATION WITH LOWER TIDAL VOLUMES IN PATIENTS WITH THE ACUTE RESPIRATORY DISTRESS SYNDROME
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incidence of barotrauma after randomization was sim-
ilar in the two groups.

There were no significant differences between
groups in the percentages of days on which neuro-
muscular-blocking drugs were used among patients
who were discharged home and breathing without
assistance (6±14 percent in the group treated with
lower tidal volumes and 6±15 percent in the group
treated with traditional tidal volumes) or among those
who died (20±32 percent and 16±28 percent, respec-
tively), or in the percentages of days on which seda-
tives were used among patients who were discharged
home and breathing without assistance (65±26 per-
cent and 65±24 percent, respectively) or those who
died (73±24 percent and 71±28 percent, respec-
tively). Investigational treatments for acute lung in-
jury and the acute respiratory distress syndrome that
were not included in the factorial design of the ex-
perimental interventions were given to 15 patients
in the group treated with lower tidal volumes and 12

patients in the group treated with traditional tidal
volumes. These included prone positioning in 14 and
9 patients, respectively.

The mean log-transformed plasma interleukin-6
values decreased from 2.5±0.7 pg per milliliter on
day 0 to 2.3±0.7 pg per milliliter on day 3 in the
group treated with traditional tidal volumes and from
2.5±0.7 pg per milliliter to 2.0±0.5 pg per milliliter
in the group treated with lower tidal volumes. The
decrease was greater in the group treated with lower
tidal volumes (P<0.001), and the day 3 plasma in-
terleukin-6 concentrations were also lower in this
group (P=0.002).

 

DISCUSSION

 

In this large study of patients with acute lung in-
jury and the acute respiratory distress syndrome, mor-
tality was reduced by 22 percent and the number of
ventilator-free days was greater in the group treated
with lower tidal volumes than in the group treated

 

*Plus–minus values are means (±SD) of the values recorded between 6 and 10 a.m. on days 1, 3, and 7 after enrollment. The numbers of
patients refers to those who were receiving ventilation and for whom data were available. FiO
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Tidal volume (ml/kg of predicted 
body weight)

No. of patients

6.2±0.9

387

11.8±0.8

405

6.2±1.1

294

11.8±0.8

307

6.5±1.4

181

11.4±1.4

179
Plateau pressure (cm of water)

No. of patients
25±7

384
33±9

399
26±7

294
34±9

307
26±7

168
37±9

173
Peak inspiratory pressure (cm of water)

No. of patients
32±8

382
39±10

401
33±9

295
40±10

308
33±9

178
44±10

177
Mean airway pressure (cm of water)

No. of patients
17±13

369
17±12

385
17±14

288
19±17

301
17±14

176
20±10

173
Respiratory rate (breaths/min)

No. of patients
29±7

389
16±6

406
30±7

296
17±7

308
30±7

185
20±7

181
Minute ventilation (liters/min)

No. of patients
12.9±3.6

387
12.6±4.5

401
13.4±3.5

296
13.4±4.8

307
13.7±3.8

182
14.9±5.3

177
FiO2

No. of patients
0.56±0.19

390
0.51±0.17

406
0.54±0.18

296
0.51±0.18

308
0.50±0.17

185
0.54±0.20

181
PEEP (cm of water)

No. of patients
9.4±3.6

390
8.6±3.6

406
9.2±3.6

296
8.6±4.2

308
8.1±3.4

185
9.1±4.2

181
PaO2:FiO2

No. of patients
158±73

350
176±76

369
160±68

284
177±81

297
165±71

148
164±88

160
PaO2 (mm Hg)

No. of patients
76±23

350
77±19

369
74±22

284
76±23

297
73±17

148
75±21

160
PaCO2 (mm Hg)

No. of patients
40±10

351
35±8

369
43±12

285
36±9

297
44±12

147
40±10

160
Arterial pH

No. of patients
7.38±0.08

351
7.41±0.07

369
7.38±0.08

285
7.41±0.07

297
7.40±0.07

148
7.41±0.08

160



Permissive Hypercapnia

• Potential solutions to severe acidosis
– NaHCO3 infusion
– THAM
– Carbicarb (not available in North America)
– Strategies to minimize CO2 production
– Tracheal insufflations of O2
– Aim for pH > 7.15
– Extracorporeal CO2 removal
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• JAMA 2012, 308 (16), p. 1651
• 20 trials, 2822 patients
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CARING FOR THE
CRITICALLY ILL PATIENT

Association Between Use of Lung-Protective
Ventilation With Lower Tidal Volumes
and Clinical Outcomes Among Patients
Without Acute Respiratory Distress Syndrome
A Meta-analysis
Ary Serpa Neto, MD, MSc
Sérgio Oliveira Cardoso, MD
José Antônio Manetta, MD
Victor Galvão Moura Pereira, MD
Daniel Crepaldi Espósito, MD
Manoela de Oliveira Prado
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Damasceno, MD, PhD
Marcus J. Schultz, MD, PhD

MECHANICAL VENTILATION
is a life-saving strategy
in patients with acute
respiratory failure. How-

ever, unequivocal evidence suggests
that mechanical ventilation has the
potential to aggravate and precipitate
lung injury.1 In acute respiratory dis-
tress syndrome (ARDS), and in a
milder form of ARDS formerly known
as acute lung injury (ALI),2 mechani-
cal ventilation can cause ventilator-
associated lung injury. Ventilator-
associated lung injury is a frequent
complication in critically ill patients
receiving mechanical ventilation, and
its development increases morbidity
and mortality.1

Higher tidal volume (VT) ventila-
tion causes the alveoli to overstretch
in a process called volutrauma, and
this overstretching is the main cause
of ventilator-associated lung injury.3

The use of a lower VT was shown to
reduce morbidity and mortality in
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Context Lung-protective mechanical ventilation with the use of lower tidal volumes
has been found to improve outcomes of patients with acute respiratory distress syn-
drome (ARDS). It has been suggested that use of lower tidal volumes also benefits
patients who do not have ARDS.

Objective To determine whether use of lower tidal volumes is associated with im-
proved outcomes of patients receiving ventilation who do not have ARDS.

Data Sources MEDLINE, CINAHL, Web of Science, and Cochrane Central Register
of Controlled Trials up to August 2012.

Study Selection Eligible studies evaluated use of lower vs higher tidal volumes in pa-
tients without ARDS at onset of mechanical ventilation and reported lung injury devel-
opment, overall mortality, pulmonary infection, atelectasis, and biochemical alterations.

Data Extraction Three reviewers extracted data on study characteristics, methods,
and outcomes. Disagreement was resolved by consensus.

Data Synthesis Twenty articles (2822 participants) were included. Meta-analysis using
a fixed-effects model showed a decrease in lung injury development (risk ratio [RR], 0.33;
95% CI, 0.23 to 0.47; I2, 0%; number needed to treat [NNT], 11), and mortality (RR,
0.64; 95% CI, 0.46 to 0.89; I2, 0%; NNT, 23) in patients receiving ventilation with lower
tidal volumes. The results of lung injury development were similar when stratified by
the type of study (randomized vs nonrandomized) and were significant only in random-
ized trials for pulmonary infection and only in nonrandomized trials for mortality. Meta-
analysis using a random-effects model showed, in protective ventilation groups, a lower
incidence of pulmonary infection (RR, 0.45; 95% CI, 0.22 to 0.92; I2, 32%; NNT, 26),
lower mean (SD) hospital length of stay (6.91 [2.36] vs 8.87 [2.93] days, respectively;
standardized mean difference [SMD], 0.51; 95% CI, 0.20 to 0.82; I2, 75%), higher mean
(SD) PaCO2 levels (41.05 [3.79] vs 37.90 [4.19] mm Hg, respectively; SMD, −0.51; 95%
CI, −0.70 to −0.32; I2, 54%), and lower mean (SD) pH values (7.37 [0.03] vs 7.40 [0.04],
respectively; SMD, 1.16; 95% CI, 0.31 to 2.02; I2, 96%) but similar mean (SD) ratios of
PaO2 to fraction of inspired oxygen (304.40 [65.7] vs 312.97 [68.13], respectively; SMD,
0.11; 95% CI, −0.06 to 0.27; I2, 60%). Tidal volume gradients between the 2 groups
did not influence significantly the final results.

Conclusions Among patients without ARDS, protective ventilation with lower tidal
volumes was associated with better clinical outcomes. Some of the limitations of the
meta-analysis were the mixed setting of mechanical ventilation (intensive care unit or
operating room) and the duration of mechanical ventilation.
JAMA. 2012;308(16):1651-1659 www.jama.com
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chanical ventilation. These benefits
were associated with a shorter hospi-
tal length of stay. Protective ventila-
tion was associated with higher PaCO2

levels and lower pH values, but no dif-
ference in the incidence of acidosis was
found. In all studies, although the pri-
mary goal of the investigators was to
compare 2 different tidal volumes, other
ventilator strategy elements were asso-

ciated with the use of lower tidal vol-
umes. Notably, differences in the lev-
els of PEEP and plateau pressure did not
influence the final results of the meta-
analysis.

Previously, Esteban et al33 showed
plateau pressures above 35 cm H2O to
be associated with an increased risk of
death in ICU patients. Although not de-
finitive, this study at least suggested that

higher VT has the ability to exaggerate
lung injury and maybe even cause death
in patients who require mechanical ven-
tilation for days. Fernández-Pérez et al34

showed higher VT to be associated with
postoperative respiratory failure in pa-
tients receiving ventilation for only a
few hours in the operating room. In
light of this information, over the past
decade, VT has progressively de-

Figure 2. Effect of Ventilation With Smaller Tidal Volume in Patients With Healthy Lungs at the End of the Follow-up Period for Each Study

Favors Low VT Favors High VT

0.01 101.0 1000.1

RR (95% CI)

High VT, No.

Events Total

Low VT, No.

Events Total

Lung injury

RR (95% CI)Weight, %

32 100 12 66Gajic et al,16 2004 0.47 (0.22-1.00)18.1
6 26 3 26Michelet et al,20 2006 0.43 (0.10-1.97)4.6

60 212 17 163Yilmaz et al,23 2007 0.29 (0.16-0.53)40.7
20 533 5 558Licker et al,26 2009 0.23 (0.09-0.62)17.7
10 74 2 76Determann et al,27 2010 0.17 (0.04-0.82)8.6

4 50 1 50Yang et al,31 2011 0.23 (0.03-2.18)3.4
5 75 7 154Fernandez-Bustamante et al,29 2011 0.67 (0.20-2.17)5.6
1 20 0 20Weingarten et al,32 2012 0.32 (0.01-8.26)1.3

1090 1113Subtotal (95% CI) 0.33 (0.23-0.47)100.0
138 47Total events

Heterogeneity: χ2
7 = 3.74; P = .81, I2 = 0%

Test for overall effect: z = 6.06; P<.001

0.01 101.0 1000.1

RR (95% CI)

Mortality
1 26 2 26Michelet et al,20 2006 2.08 (0.18-24.51)1.0
2 13 3 23Wolthuis et al,22 2007 0.82 (0.12-5.71)2.5

69 212 27 163Yilmaz et al,23 2007 0.41 (0.25-0.68)55.7
15 533 13 558Licker et al,26 2009 0.82 (0.39-1.75)16.7
23 74 24 76Determann et al,27 2010 1.02 (0.51-2.04)17.7

1 75 3 154Fernandez-Bustamante et al,29 2011 1.47 (0.15-14.38)1.5
2 74 1 75Sundar et al,30 2011 0.49 (0.04-5.48)2.2
1 50 0 50Yang et al,31 2011 0.33 (0.01-8.21)1.7
1 20 1 20Weingarten et al,32 2012 1.00 (0.06-17.18)1.1

1077 1145Subtotal (95% CI) 0.64 (0.46-0.86)100.0
115 74Total events

Heterogeneity: χ2
8 = 6.94; P = .54, I2 = 0%

Test for overall effect: z = 2.68; P = .007

0.01 101.0 1000.1

RR (95% CI)

Atelectasis
2 20 3 20Lin et al,25 2008 1.59 (0.24-10.70)3.1
5 8 7 8Cai et al,21 2007 4.20 (0.33-53.12)1.1

47 533 28 558Licker et al,26 2009 0.55 (0.34-0.89)83.1
3 50 1 50Yang et al,31 2011 0.32 (0.03-3.18)5.4
5 20 4 20Weingarten et al,32 2012 0.75 (0.17-3.33)7.3

631 656Subtotal (95% CI) 0.62 (0.41-0.95)100.0
62 43Total events

Heterogeneity: χ2
4 = 3.76; P = .44, I2 = 0%

Test for overall effect: z = 2.18; P = .03

RR (95% CI)
0.01 101.0 1000.1

Pulmonary infection
10 56 2 47Lee et al,14 1999 0.20 (0.04-0.99)16.6
10 26 6 26Michelet et al,20 2006 0.48 (0.14-1.60)14.6
30 533 23 558Licker et al,26 2009 0.72 (0.41-1.26)55.8

7 50 1 50Yang et al,31 2011 0.13 (0.01-1.06)13.0

665 681Subtotal (95% CI) 0.52 (0.33-0.82)100.0
57 32Total events

Heterogeneity: χ2
3 = 4.39; P = .22, I2 = 32%

Test for overall effect: z = 2.79; P = .005

A pooled estimate of risk ratio (RR) was calculated in the individual studies using a fixed-effects model according to Mantel and Haenszel. The size of the data markers
indicates the weight of the study in the final analyses. VT indicates tidal volume.

PROTECTIVE VENTILATION AND LOWER TIDAL VOLUMES

1656 JAMA, October 24/31, 2012—Vol 308, No. 16 ©2012 American Medical Association. All rights reserved.

Downloaded From: http://jama.jamanetwork.com/ by a University of Montreal User  on 01/21/2014



• IMPROVE trial, NEJM 2013, 369(5), p. 428
• 400 patients

– > 40 years old
– Major abdominal surgery of at least 2 hours
– Risk of pulmonary complications

• Protective vs. non-protective ventilation strategy

Pierre-Marc Chagnon MD FRCPC

original article
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BACKGROUND
Lung-protective ventilation with the use of low tidal volumes and positive end-
expiratory pressure is considered best practice in the care of many critically ill 
patients. However, its role in anesthetized patients undergoing major surgery is 
not known.

METHODS
In this multicenter, double-blind, parallel-group trial, we randomly assigned 400 
adults at intermediate to high risk of pulmonary complications after major ab-
dominal surgery to either nonprotective mechanical ventilation or a strategy of 
lung-protective ventilation. The primary outcome was a composite of major pul-
monary and extrapulmonary complications occurring within the first 7 days after 
surgery.

RESULTS
The two intervention groups had similar characteristics at baseline. In the inten-
tion-to-treat analysis, the primary outcome occurred in 21 of 200 patients (10.5%) 
assigned to lung-protective ventilation, as compared with 55 of 200 (27.5%) assigned 
to nonprotective ventilation (relative risk, 0.40; 95% confidence interval [CI], 0.24 
to 0.68; P = 0.001). Over the 7-day postoperative period, 10 patients (5.0%) assigned 
to lung-protective ventilation required noninvasive ventilation or intubation for 
acute respiratory failure, as compared with 34 (17.0%) assigned to nonprotective 
ventilation (relative risk, 0.29; 95% CI, 0.14 to 0.61; P = 0.001). The length of the hospi-
tal stay was shorter among patients receiving lung-protective ventilation than among 
those receiving nonprotective ventilation (mean difference, −2.45 days; 95% CI, 
−4.17 to −0.72; P = 0.006).

CONCLUSIONS
As compared with a practice of nonprotective mechanical ventilation, the use of 
a lung-protective ventilation strategy in intermediate-risk and high-risk patients 
undergoing major abdominal surgery was associated with improved clinical out-
comes and reduced health care utilization. (IMPROVE ClinicalTrials.gov number, 
NCT01282996.)
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Intr aoper ative Low-Tidal-Volume Ventilation

n engl j med 369;5 nejm.org august 1, 2013 435

have used either very low levels of PEEP or no 
PEEP.15,16,18 One strength of the present trial is our 
use of a robust composite outcome that is highly 
pertinent to this high-risk surgical population.5 

Mechanical ventilation itself can induce an in-
flammatory response30 and can synergize with 
the response induced by major surgery at both 
local and systemic levels. This amplification of 

Table 3. Results of Unadjusted and Adjusted Outcome Analyses.*

Variable

Nonprotective
Ventilation
(N = 200)

Lung-Protective 
Ventilation
(N = 200)

Unadjusted
Relative Risk or 
 Between-Group 

 Difference
(95% CI) P Value†

Adjusted
Relative Risk or 
 Between-Group 

 Difference
(95% CI)‡ P Value

Primary composite outcome — no. (%)

Within 7 days§ 55 (27.5) 21 (10.5) 0.38 (0.24–0.61) <0.001 0.40 (0.24–0.68) 0.001

Within 30 days 58 (29.0) 25 (12.5) 0.43 (0.28–0.66) <0.001 0.45 (0.28–0.73) <0.001

Secondary outcomes — no. (%)

Pulmonary complication within 7 days¶

Grade 1 or 2 30 (15.0) 25 (12.5) 0.69 (0.42–1.13) 0.14 0.67 (0.39–1.16) 0.16

Grade ≥3 42 (21.0) 10 (5.0) 0.24 (0.12–0.46) <0.001 0.23 (0.11–0.49) <0.001

Atelectasis within 7 days∥ 34 (17.0) 13 (6.5) 0.38 (0.21–0.70) 0.001 0.37 (0.19–0.73) 0.004

Pneumonia within 7 days 16 (8.0) 3 (1.5) 0.19 (0.05–0.63) 0.01 0.19 (0.05–0.66) 0.009

Acute lung injury or ARDS within 7 days 6 (3.0) 1 (0.5) 0.17 (0.02–1.37) 0.12 0.21 (0.02–1.71) 0.14

Need for ventilation within 7 days

Invasive 7 (3.5) 2 (1.0) 0.29 (0.06–1.36) 0.51 0.40 (0.08–1.97) 0.26

Noninvasive 29 (14.5) 9 (4.5) 0.31 (0.15–0.64) 0.006 0.29 (0.13–0.65) 0.002

Extrapulmonary complication within 7 days

SIRS 100 (50.0) 86 (43.0) 0.86 (0.70–1.06) 0.16 0.87 (0.65–1.17) 0.37

Sepsis 29 (14.5) 13 (6.5) 0.45 (0.24–0.84) 0.04 0.48 (0.25–0.93) 0.03

Severe sepsis or septic shock 9 (4.5) 8 (4.0) 0.89 (0.35–2.26) 0.80 1.48 (0.51–4.32) 0.47

Death within 30 days 7 (3.5) 6 (3.0) 0.86 (0.29–2.51) 0.80 1.13 (0.36–3.61) 0.83

Duration of stay in hospital and ICU — days

Hospital 0.02 0.006

Median 13 11 −2.25 (−4.04 to −0.47) −2.45 (−4.17 to −0.72)

Interquartile range 8–20 8–15

ICU 0.58 0.69

Median 7 6 −1.48 (−6.87 to 3.91) −1.21 (−4.98 to 7.40)

Interquartile range 4–9 4–8

* All postoperative complications were defined according to consensus criteria (see the Supplementary Appendix). For additional data on 
postoperative outcomes, see Tables S3 and S4 in the Supplementary Appendix. ARDS denotes acute respiratory distress syndrome, CI confi-
dence interval, ICU intensive care unit, and SIRS systemic inflammatory response syndrome. Relative risks are shown for outcome variables, 
and differences between groups are shown for the duration of stays in the hospital and ICU.

† Adjustment was performed for stratification variables (use or nonuse of epidural analgesia and study center), preoperative risk index for 
postoperative pulmonary complications, sex, duration of surgery, and need for blood transfusion (yes or no).

‡ The Hochberg procedure was used to adjust for multiple testing of components of the composite primary outcome.27

§ The primary outcome was a composite of major pulmonary complications (defined as pneumonia or need for invasive or noninvasive ventilation 
for acute respiratory failure) and extrapulmonary complications (defined as sepsis, septic shock, or death) within the first 7 days after surgery.

¶ Postoperative pulmonary complications were scored with the use of a graded scale23 from 0 (no pulmonary complications) to 4 (the most 
severe complications) (see the Supplementary Appendix).

∥ Atelectasis was defined as opacification of the lung with shift of the mediastinum, hilum, or hemidiaphragm toward the affected area and 
compensatory overinflation in the adjacent, nonatelectatic lung.
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• PReVENT trial, JAMA 2018, 320 (18), p. 1872
• Multicenter RCT involving 961 non-ARDS patients (> 80% medical admissions)
• Low (4-6 cc/Kg) vs. intermediate (10 cc/Kg) tidal volume
• No difference in primary outcome (21 ventilator free days at 28 days for both 

groups)
• No differences in secondary outcomes (LOS ICU and hospital, mortality at 28 and 

90 days)
• Lower Vt target (6-8 cc/Kg) in non-ARDS patients, until new evidence challenge 

this practice

Pierre-Marc Chagnon MD FRCPC

Effect of a Low vs Intermediate Tidal Volume Strategy
on Ventilator-Free Days in Intensive Care Unit Patients
Without ARDS
A Randomized Clinical Trial
Writing Group for the PReVENT Investigators

IMPORTANCE It remains uncertain whether invasive ventilation should use low tidal volumes
in critically ill patients without acute respiratory distress syndrome (ARDS).

OBJECTIVE To determine whether a low tidal volume ventilation strategy is more effective
than an intermediate tidal volume strategy.

DESIGN, SETTING, AND PARTICIPANTS A randomized clinical trial, conducted from September 1,
2014, through August 20, 2017, including patients without ARDS expected to not be extubated
within 24 hours after start of ventilation from 6 intensive care units in the Netherlands.

INTERVENTIONS Invasive ventilation using low tidal volumes (n = 477) or intermediate tidal
volumes (n = 484).

MAIN OUTCOMES AND MEASURES The primary outcome was the number of ventilator-free
days and alive at day 28. Secondary outcomes included length of ICU and hospital stay; ICU,
hospital, and 28- and 90-day mortality; and development of ARDS, pneumonia, severe
atelectasis, or pneumothorax.

RESULTS In total, 961 patients (65% male), with a median age of 68 years (interquartile range
[IQR], 59-76), were enrolled. At day 28, 475 patients in the low tidal volume group had a
median of 21 ventilator-free days (IQR, 0-26), and 480 patients in the intermediate tidal
volume group had a median of 21 ventilator-free days (IQR, 0-26) (mean difference, –0.27
[95% CI, –1.74 to 1.19]; P = .71). There was no significant difference in ICU (median, 6 vs 6
days; 0.39 [–1.09 to 1.89]; P = .58) and hospital (median, 14 vs 15 days; –0.60 [–3.52 to 2.31];
P = .68) length of stay or 28-day (34.9% vs 32.1%; hazard ratio [HR], 1.12 [0.90 to 1.40];
P = .30) and 90-day (39.1% vs 37.8%; HR, 1.07 [0.87 to 1.31]; P = .54) mortality. There was no
significant difference in the percentage of patients developing the following adverse events:
ARDS (3.8% vs 5.0%; risk ratio [RR], 0.86 [0.59 to 1.24]; P = .38), pneumonia (4.2% vs 3.7%;
RR, 1.07 [0.78 to 1.47]; P = .67), severe atelectasis (11.4% vs 11.2%; RR, 1.00 [0.81 to 1.23];
P = .94), and pneumothorax (1.8% vs 1.3%; RR, 1.16 [0.73 to 1.84]; P = .55).

CONCLUSIONS AND RELEVANCE In patients in the ICU without ARDS who were expected not
to be extubated within 24 hours of randomization, a low tidal volume strategy did not result
in a greater number of ventilator-free days than an intermediate tidal volume strategy.

TRIAL REGISTRATION ClinicalTrials.gov Identifier: NCT02153294

JAMA. 2018;320(18):1872-1880. doi:10.1001/jama.2018.14280
Published online October 24, 2018.
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Recruitment

• Intentional transient increase in transpulmonary pressure = reopening of 
unstable airless alveoli

• Increased end-expiratory lung volume

• Numerous ways to do it
– Intermittent sighs = increasing tidal volume or PEEP for one of several breaths
– Sustained increased pressure (ex: PEEP 30 for 30 seconds)
– Stepwise increase in pressure
– Supine or prone possible
– OL-PEEP adjustment after procedure mandatory

Pierre-Marc Chagnon MD FRCPC



Recruitment
• Pressures necessary to open lung units?

– Few studies in humans with ARDS
– AJRCCM 2001, 164, p. 131
– AJRCCM 2006, 174, p. 268

• Opening as measured by CT SCAN
– Median value 20-30 cmH2O
– Range from 10-50 cmH2O
– Only 10% of lung units open above 45 cmH2O = limited functional gain of using 

pressures > 45 cmH2O
– Median collapse pressure = 10 cmH2O
– Some collapse observed at pressures > 20-25 cmH2O

Pierre-Marc Chagnon MD FRCPC



Pierre-Marc Chagnon MD FRCPCpoorer response to RMs are more focal as opposed to
diffuse morphology [8], higher PaO2/FiO2 ratios and
respiratory-system compliance, and lower levels of dead
space [6].

Although RMs are useful for improving oxygenation,
only a few patients with ARDS die because of refractory
hypoxemia [4]. Thus, a more relevant question is whether
RMs may improve ventilator-induced lung injury (VILI)
and clinical outcomes. The two independent main
mechanisms of VILI are overdistention and atelectrauma,
which is local shear injury attributed to cyclic opening
and closing of distal small airways and alveoli [9].

Ventilation strategies using low tidal volumes but also
low PEEP levels such as the ARDSNet protocol aim to
prevent VILI by overdistention. However, this approach
may lead to substantial cyclic opening and closing of
alveolar units with worsening of VILI [9]. Positron
emission tomography studies of experimental models of
ARDS revealed that early inflammation is more pro-
nounced in intermediate gravitational zones
corresponding to normally or poorly aerated regions, as
opposed to posterior collapsed or anterior overdistended
zones [10]. These findings suggest that tidal stretch is a

major mechanism in VILI. Indeed, experimental models
of ARDS have shown that keeping higher PEEP levels
may decrease further lung damage even when animals
were ventilated at lower tidal volumes [9].

Alveolar fluid clearance is also impaired in most
patients with ARDS [11]. Inhibition of fluid clearance is
probably caused by hypoxia and by injured alveolar
epithelium with disrupted cells. RMs may decrease lung
edema, possibly by improving oxygenation and decreas-
ing VILI [12].

Markers of inflammation and of alveolar epithelial
type I cell injury decrease after RM and PEEP titration in
ARDS [3, 13]. In addition, by re-opening collapsed
alveoli, RMs can also increase respiratory system com-
pliance and, as a consequence, reduce driving pressure
which is the pressure needed to deliver a given tidal
volume [14]. Finally, the reduction in driving pressure
may ultimately improve survival of patients with ARDS
[14].

Many RM techniques have been described, including
sighs, sustained inflation, stepwise increase of inspiratory
pressure and/or of PEEP. Intermittent sighs involves
increasing tidal volume or level of PEEP for one of
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Fig. 1 Pressure–volume curve (a). During inflation (full line)
transpulmonary pressure overcomes the critical opening pressure
(upper inflection point). After recruitment maneuver, during
deflation (dotted line), lung volume is greater at a certain pressure
level, and alveoli remain opened as long as positive end-expiratory
pressure (PEEP) is kept above a critical pressure level (lower
inflection point). Pressure–time (seconds) curve (b) showing a
sustained inflation recruitment maneuver using continuous positive
airway pressure (CPAP) of 40 cmH2O for 40 s. Pressure–time

(minutes) curve showing a stepwise recruitment maneuver (c) using
both inspiratory pressure and PEEP increases, keeping driving
pressure fixed at 15 cmH2O, achieving peak pressure after recruit-
ment of 50 cmH2O and PEEP of 35 cmH2O. After recruitment,
figure shows a decremental PEEP titration and a new recruitment
maneuver performed after an optimal PEEP is identified (i.e., the
PEEP associated with best compliance of respiratory system or best
oxygenation). After the new recruitment, PEEP is set 2 cmH2O
above the optimal level
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Recruitment
• Bedside methods to quantify alveolar recruitment

– Electrical impedance tomography
– Lung ultrasound
– Thoracic SCAN
– Stress index
– Objective better static lung compliance
– Objective better gaseous exchange

• Better oxygenation
• Decreased dead space fraction

– Decreased driving pressure and mechanical power
– Recruitment / inflation ratio

• The best method remains elusive…

Pierre-Marc Chagnon MD FRCPC



Recruitment

• Expected benefits
– Improved oxygenation
– Reduced atelectrauma
– Better recruitment = improved compliance = decreased ΔP for any given Vt
– Decreased VILI

• Decreased benefits in
– Late ARDS (fibroproliferative)
– Primary and focal process 

Pierre-Marc Chagnon MD FRCPC



Recruitment

• Risks associated
– HD compromise (especially RV dysfunction combined with hypovolemia)
– Barotrauma (especially primary disease)
– Increased VILI by overdistension?
– Increased need for sedation

• No clear benefits demonstrated in the literature
– Heterogeneous ARDS population (primary and secondary / focal and diffuse)
– Timing, optimal pressure, technique, duration and frequency not defined
– Co-interventions (especially PEEP adjustments)

Pierre-Marc Chagnon MD FRCPC



Pierre-Marc Chagnon MD FRCPC

741

as it enrolled only burn patients with ARDS, a unique, 
population thought not to be generalizable. When con-
sidering the impact of the intervention on ICU mortality, 
five trials were included; the trial by Chung not reporting 
this outcome was excluded, while the trial by Huh et al. 
not included in the hospital mortality meta-analysis was 
included.

The ART was the only trial meeting moderate-high 
quality standards and entering the primary analysis. 
In this study, the analysis of mortality at different time 
points provided non homogeneous findings (Supplemen-
tary Materials), but there was a suspicion of increased 
mortality at 6 months. However, combined in the meta-
analysis (our secondary analysis), the intervention 
showed neither harmful nor beneficial effects on mortal-
ity. The analysis of heterogeneity was inconclusive.

The analysis of barotrauma, instead, showed an out-
lier position of the ART trial, with a clear harmful effect 
(RR 3.56, 95% CI 1.64–7.73), quite different from the 
other trials combined in a separate meta-analysis (RR 
0.60, 95% CI 0.25–1.41) (see Supplementary Materials). 
This finding strongly supported our recommendation 
against the use of recruitment high-pressure recruitment 
maneuvers.

VFDs were reported by three trials [112, 129, 130]. We 
based our primary analysis on the ART trial [112] which 
showed a significant reduction in the mean number of 
VFD in the intervention arm, given that the other two tri-
als reported medians and interquartile ranges and thus 
could not be meta-analyzed with the ART trial.

Recommendation 6.3

We recommend against use of prolonged high-pressure 
recruitment maneuvers (defined as airway pressure main-
tained ≥ 35  cmH2O for at least one minute) to reduce mortality of 
patients with ARDS.
Strong recommendation; moderate level of evidence against.

This recommendation applies also to ARDS from COVID-19.
Strong recommendation; low level of evidence against for indirectness.

Question 6.4: In patients with ARDS undergoing invasive 
mechanical ventilation, does routine use of brief 
high-pressure recruitment maneuvers, compared to no 
use of brief high-pressure recruitment maneuvers, reduce 
mortality?

Summary of the evidence
A brief high-pressure RM was defined as a strategy 
intended to facilitate lung recruitment in which airway 
pressure of ≥ 35   cmH2O was maintained for less than 
one minute. Three trials were included in analyses. Kac-
marek et  al. (n = 200) [133] compared a series of two 

brief RMs (transient increase in PEEP to 35–45  cmH2O) 
interspersed with a decremental PEEP trial versus no 
RM with a low PEEP/FiO2 table. LOVS (n = 983) [107] 
utilized a single brief RM (40   cmH2O breath hold for 
40  seconds; subsequent RMs allowed for ventilator cir-
cuit disconnect) with a high PEEP/FiO2 table compared 
to no RM with a low PEEP/FiO2 table. Xi et al. [134] com-
pared a brief RM (40  cmH2O breath hold for 40 seconds) 
repeated every 8 hours for up to five days versus no RM. 
The trial by Xi et al. did not standardize PEEP in either 
group, and was thus considered separately.

Mortality did not differ significantly between treatment 
groups in any of the three trials individually, nor in meta-
analysis pooling the two trials with standardized PEEP 
(pooled RR 0.89; 95% CI 0.77–1.04). VFDs did not dif-
fer significantly between treatment groups in Kacmarek 
et al. or Xi et al. VFD was not reported in LOVS.

Barotrauma did not differ significantly between treat-
ment groups in any of the three trials individually, nor in 
meta-analysis pooling the two trials with standardized 
PEEP (pooled RR 1.14; 95% CI 0.81–1.62).

Considering hemodynamic instability, in Kacmarek 
et  al. there was no significant difference in incidence of 
hypotension, arrhythmia, or cardiac arrest. In LOVS, 
hemodynamics was reported as days of vasopressor use 
and number of vasopressors per day in use and were 
comparable between groups. Hemodynamic effects were 
not well characterized in Xi et al.

Absence of evidence in favor or against the use of 
recruitment maneuvers, the potential safety issues led to 
a weak recommendation against their routine use.

Recommendation 6.4

We suggest against routine use of brief high-pressure 
recruitment maneuvers (defined as airway pressure main-
tained ≥ 35  cmH2O for less than one minute) to reduce mortality 
in patients with ARDS.
Weak recommendation; high level of evidence of no effect.

This suggestion applies also to ARDS from COVID-19.
Weak recommendation; moderate level of evidence of no effect for 
indirectness.

Expert opinion on clinical application of recruitment 
maneuvers
Hypotension and desaturation are the most common 
adverse events described during or immediately after an 
RM, each occurring in roughly 10% of patients undergo-
ing an RM [119]. Bradycardia, presumably vagally medi-
ated, also may occur [135]. Clinical trial data indicate 
prolonged high-pressure RMs increase risks, leading 
not only to hemodynamic instability but increased risk 
of barotrauma and cardiac arrest [112]. These clinically 
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about NMBA agent selection, as well as the
impact of the timing of initiation (i.e., early
vs. late, immediately after meeting criteria vs.
after a period of stabilization), dosing (i.e.,
partial blockade vs. full blockade,
intermittent vs. continuous dosing), and
duration (71). Finally, longitudinal data are
needed to understand the impact of NMBAs
on long-term outcomes.

Question 4: Should Patients with
ARDS Receive Higher Compared with
Lower PEEP, with or without LRMs?
Recommendation. We suggest using higher
PEEP without LRMs rather than lower PEEP
in patients with moderate to severe ARDS
(conditional recommendation, low-moderate
certainty). We recommend against using
prolonged (PEEP>35 cmH2O for.60 s)
LRMs in patients with moderate to severe
ARDS (strong recommendation,
moderate certainty).

Background. Higher PEEP can facilitate
alveolar recruitment and prevent cyclic
opening/closing injury, which may in turn
improve gas exchange by decreasing
intrapulmonary shunting and reduce lung
stress (72). However, PEEP can also cause
injurious overdistension in aerated lung and
hemodynamic compromise via increased
right ventricular afterload and decreased
venous return. The net balance of benefit to
harm is reliant on the proportion of
recruitment to overdistension in an
individual patient. The 2017 Clinical Practice
Guideline previously issued conditional
recommendations suggesting higher versus
lower PEEP and the use of LRMs in patients
with moderate to severe ARDS (7). Since that
time, several large RCTs evaluating various
PEEP strategies have been published (73, 74).
Some have included cointerventions of
prolonged LRMs, defined as incremental
increases in PEEP to achieve airway pressures
>35 cmH2O for>60 seconds. Thus, it was
important to incorporate these most recent
studies into an updated recommendation.

Evidence summary. This
recommendation was based on evidence
from twometa-analyses. The first was a
recently published network meta-analysis
comparing the relative effects of different
PEEP strategies using a Bayesian analysis
framework; 18 RCTs with 4,646 participants
with moderate to severe ARDS were
included (75). Compared with lower PEEP,
higher PEEP without LRMs probably
reduced mortality (n=4 trials, 1,162 patients;
RR, 0.77; 95% credible interval [CrI],

0.60–0.96; high certainty) (76–79), improved
oxygenation (MD PaO2

/FIO2
ratio 63.7mmHg

higher; 95% CrI, 51.5–75.9mmHg; high
certainty), and possibly increased ventilator-
free days (MD, 1.3 d more; 95% CI, 2.5 d
fewer to 4.3 d more; low certainty). The
impact on barotrauma was uncertain (RR,
1.13; 95% Crl, 0.87–1.86; very low certainty).
Compared with higher PEEP without LRMs,
higher PEEP with prolonged LRMs probably
increased mortality (RR, 1.37; 95% CrI,
1.04–1.81; moderate certainty), whereas
strategies involving higher PEEP with brief
LRMs or esophageal pressure-guided PEEP
titration may have no effect onmortality (RR,
1.07; 95% CrI, 0.79–1.48; low certainty; and
RR, 1.00; 95% CrI, 0.65–1.54; moderate
certainty, respectively). The secondmeta-
analysis was a prior meta-analysis of
individual patient data that included three
RCTs with 2,299 patients with ARDS and
demonstrated that higher PEEP probably
improved survival compared with lower
PEEP in patients with moderate to severe
ARDS (RR, 0.90; 05% CI, 0.81–1.00;
P=0.049), but possibly increased mortality in
patients with mild ARDS (adjusted RR, 1.29;
95% CI, 0.91–1.83; P=0.02) (80).

Justification and implementation
considerations. Although higher PEEP was
consistently associated with lower mortality
in patients with moderate to severe ARDS,
the panel issued a conditional
recommendation because of a high level of
heterogeneity among higher PEEP strategies
in the included RCTs. For patients with mild
ARDS, there were insufficient data to make a
recommendation on PEEP strategy because
these patients were excluded from the
network meta-analysis, but there appears to
be no benefit of high PEEP versus low PEEP,
and there is a potential trend toward harm
(80). With regard to prolonged LRMs, the
panel issued a strong recommendation
against their use in combination with high
PEEP strategies based on the network meta-
analysis demonstrating a high posterior
probability of harm, presumably due to
serious adverse hemodynamic effects.
Although shorter LRMsmay be better
tolerated, we do not know the safe upper
limit for LRM pressure or duration, which
may vary between individual patients.
Finally, there was a lack of consensus among
the panel on brief LRMs and the use of
esophageal pressures to set PEEP as a result
of high levels of uncertainty of the true effect
of these strategies.

A reasonable implementation approach
for patients with moderate to severe ARDS
would be to use a higher PEEP strategy
previously implemented in the RCTs
included in the aforementionedmeta-
analyses (Figure 2). Techniques that have
been described included oxygenation-based
titration (i.e., using a PEEP/FIO2

table)
(76, 81), increasing PEEP to a maximal safe
plateau pressure (77), and titration to
maximal compliance (78) (Table E11 in the
online supplement). The strategy chosen
should be tailored to the clinician’s expertise
and accompanied by continuous monitoring
of respiratory mechanics, hemodynamics,
and assessments of the patient’s physiologic
response to PEEP.

Uncertainties and research priorities.
The optimal strategy for setting PEEP in
patients with ARDS remains uncertain. None
of the included RCTs incorporated
assessments of lung “recruitability” in
response to higher PEEP strategies.
Validating strategies to assess for lung
recruitability at the bedside, such as the use
of oxygenation response (82), driving
pressure change (83), recruitment/inflation
ratio (84), stress index (85), or electrical
impedance tomography (86), may help guide
individualized PEEP titration. A large
multicenter trial evaluating setting PEEP
based on respiratory mechanics
(recruitability and effort) is ongoing (CAVI-
ARDS [Careful Ventilation in Acute
Respiratory Distress Syndrome] trial; www.
clinicaltrials.gov ID, NCT03963622). There is
an essential need for further studies to
evaluate the effect of PEEP strategies in
specific populations (e.g., obese patients) and
specific ARDS phenotypes (e.g., hyper-/
hypoinflammatory) and with concomitant
interventions (e.g., proning) (87, 88). There is
likely no uniform best PEEP strategy for all
patients with ARDS, and these future
research efforts may help identify patients
who are most likely to benefit from each
PEEP strategy.

Discussion

Although significant advancements have
been made in the management of ARDS,
many questions remain. Several
recommendations in this guideline are
conditional in nature and, as such, require
careful evaluation of patient and illness
characteristics when considering their use.
Future studies may serve to strengthen these
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Recruitment

• Consider on an individual basis, especially in patients presenting with life-
threatening hypoxemia
– Patients with lower P/F ratio experiencing significant increase in oxygenation with RM
– Patients with low respiratory compliance = risks may exceed benefits

• Some principles
– Institute early
– Assure adequate volume status and sedation
– Assess oxygenation and compliance immediately and 6-12 hours after = if no 

improvement, then do not repeat
– Investigate OL-PEEP

Pierre-Marc Chagnon MD FRCPC



PEEP in ARDS
• Beneficial effect = increased oxygenation (decreased FiO2)

– Alveolar recruitment = decreased intrapulmonary shunt and better V/Q match
– Fluid redistribution in the interstitial tissue

• Beneficial effect = decreased VILI
– Alveolar recruitment = increased FRC
– More homogeneous ventilation
– Decreased atelectrauma
– Overall reduced lung stress and strain = decreased mechanical power

• Potential harmful effects
– Decreased cardiac output (decreased venous return and RV stroke volume)
– Increased dead space (if overdistension)
– Increased lung stress and strain (if no pulmonary recruitment potential = volutrauma)

Pierre-Marc Chagnon MD FRCPC
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Figure 2. Serial mean (! SEM)
plateau airway pressures before
and after randomization to
control (high) tidal volumes (A )
or low tidal volumes (B ) in five
prospective randomized trials
(3–7). All values after initiation
of treatment were used to cal-
culate the mean, represented
by the clear line between each
pair of colored bars (! SEM),
except for Day 14 values re-
ported in a single study (6). The
results would not change if this
value were included. The solid
circles represent the individual
mean plateau airway pressures
reported for each study. After
randomization they are con-
nected over time by a solid line.
See Table 1 for the study refer-
ences indicated by the first au-
thor names shown above the

curves, and for the mean (! SEM) tidal volumes used in each of these studies and calculated in a similar manner to the mean plateau airway
pressures. One study (7) provided a mean value averaged over 5 days, but individual day mean values were shown only graphically; these have
been transposed onto this figure. Finally, only two studies published prerandomization plateau airway pressures (3, 4, 10).

control group increased—the number of ventilator-associated the contradictory findings in these five trials (Figure 3). Both
deaths. However, because the three nonbeneficial trials used high and low tidal volumes and airway pressures may be associ-
controls consistent with the standard practice reported in the ated with increased mortality rate compared with common clini-
two beneficial trials (Figure 2), those results can be reviewed to cal practice. Consistent with this relationship, a survey of out-
find the likeliest explanation. Statistically, there is only a 5% comes with mechanical ventilation in adults, including those with
chance that the three nonbeneficial trials could produce a bene- ALI and ARDS, found that low or high tidal volumes were
ficial effect with an odds ratio of survival greater than 1.18 when both associated with increased mortality rates compared with
comparing low tidal volumes with standard practice. Thus, the intermediate mortality rates (13). Animal studies in which in-
greater odds ratio of 1.56 in the two beneficial trials (3, 4) most creases and decreases in tidal volume and airway pressure corre-
likely represents a significant increase in the number of ventila- lated with worsened lung function and outcome further validate
tor-associated deaths in the control arms of those studies. this relationship (15, 16). Increased mortality rates seen with

On the basis of this meta-analysis, a parabolic relationship low tidal volumes may also be related to the higher doses of
between mortality rates and changes in tidal volumes and resul- sedatives and narcotics necessary to maintain patient comfort,
tant plateau airway pressures could provide an explanation for the addition of neuromuscular blockade or higher carbon dioxide

levels, all of which could adversely affect hemodynamics and
physiologic function (17–21).

Despite contradictory results, these five trials can provide
some clinical guidance. Because the two beneficial trials failed
to use control arms representing current practice by participating
physicians (Figures 2A and 2B) (3, 4, 10), they could not deter-
mine whether either therapy tested was superior to that practice.
However, they could determine which of the two therapies tested
produced a worse outcome and they clearly showed that high
tidal volumes (e.g., 12 ml/kg based on predicted or measured
body weight) associated with high airway pressures (34 cm H2O
or more) were harmful and should be avoided (3, 4). In contrast,
the three nonbeneficial trials (5–7) employed control arms that
closely reflected current practice of physicians studying and
treating patients with ALI and ARDS (3, 4, 10–13). These trials
established that, as long as tidal volumes produce airway pres-
sures between 28 and 32 cm H2O, there is no benefit from using
low tidal volumes (i.e., 6 to 7 ml/kg based on either ideal [5],Figure 3. Hypothetical model representing the relationship between
predicted [7], or dry [6] body weight), and it may be harmful.tidal volumes and resultant plateau airway pressure and mortality rates.
Further clinical trials are necessary to determine whether low-Mortality rates first decrease and then increase as tidal volume and
ered tidal volumes produce a survival benefit when comparedplateau airway pressure decreases. On the basis of the data provided
with the intermediate tidal volumes (8–9 ml/kg) routinely usedin each trial, this model may account for the disparate results of the

five trials (3–7). by participating physicians at the time of these trials.



Setting PEEP in ARDS

According to FiO2 scale
Incremental PEEP (EXPRESS)

Decremental PEEP
Stress Index method

P-V curve
Transpulmonary pressure

Driving pressure and mechanical power
Right ventricular considerations

Recruitment / inflation ratio
Electrical impedance tomography

Pierre-Marc Chagnon MD FRCPC
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PROTECTING LUNGS FROM VENTI-
lation-induced injury is an im-
portant principle in the man-
agement of patients with acute

lung injury or acute respiratory distress
syndrome (ARDS). Although the criti-
cal care community has generally en-
dorsed lower tidal volumes and inspira-
tory pressures, the optimal level of
positive end-expiratory pressure (PEEP)
remains unestablished.1,2 Experimental
data suggest that PEEP levels exceed-
ing traditional values of 5 to 12 cm H2O
can minimize cyclical alveolar collapse
and corresponding shearing injury to the
lungs in patients with considerable
edema and alveolar collapse.3-5 For pa-
tients with relatively mild acute lung in-

jury, however, potential adverse conse-
quences of higher PEEP levels, including
circulatory depression6 or lung overdis-
tension,7 may outweigh the benefits. Sev-
eral multicenter, randomized trials test-
ing the incremental effect of higher levelsSee also p 883 and Patient Page.
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Context Trials comparing higher vs lower levels of positive end-expiratory pressure
(PEEP) in adults with acute lung injury or acute respiratory distress syndrome (ARDS)
have been underpowered to detect small but potentially important effects on mortal-
ity or to explore subgroup differences.

Objectives To evaluate the association of higher vs lower PEEP with patient-
important outcomes in adults with acute lung injury or ARDS who are receiving ven-
tilation with low tidal volumes and to investigate whether these associations differ across
prespecified subgroups.

Data Sources Search of MEDLINE, EMBASE, and Cochrane Central Register of Con-
trolled Trials (1996-January 2010) plus a hand search of conference proceedings (2004-
January 2010).

Study Selection Two reviewers independently screened articles to identify studies
randomly assigning adults with acute lung injury or ARDS to treatment with higher vs
lower PEEP (with low tidal volume ventilation) and also reporting mortality.

Data Extraction Data from 2299 individual patients in 3 trials were analyzed using
uniform outcome definitions. Prespecified effect modifiers were tested using multi-
variable hierarchical regression, adjusting for important prognostic factors and clus-
tering effects.

Results There were 374 hospital deaths in 1136 patients (32.9%) assigned to
treatment with higher PEEP and 409 hospital deaths in 1163 patients (35.2%)
assigned to lower PEEP (adjusted relative risk [RR], 0.94; 95% confidence interval
[CI], 0.86-1.04; P=.25). Treatment effects varied with the presence or absence of
ARDS, defined by a value of 200 mm Hg or less for the ratio of partial pressure of
oxygen to fraction of inspired oxygen concentration (P=.02 for interaction). In
patients with ARDS (n=1892), there were 324 hospital deaths (34.1%) in the
higher PEEP group and 368 (39.1%) in the lower PEEP group (adjusted RR, 0.90;
95% CI, 0.81-1.00; P=.049); in patients without ARDS (n=404), there were 50
hospital deaths (27.2%) in the higher PEEP group and 44 (19.4%) in the lower
PEEP group (adjusted RR, 1.37; 95% CI, 0.98-1.92; P=.07). Rates of pneumotho-
rax and vasopressor use were similar.

Conclusions Treatment with higher vs lower levels of PEEP was not associated with
improved hospital survival. However, higher levels were associated with improved sur-
vival among the subgroup of patients with ARDS.
JAMA. 2010;303(9):865-873 www.jama.com
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Chronic Health Evaluation II and Sim-
plified Acute Physiology II scores,
which have similar accuracy17,18) as im-
portant prognostic factors as well as a
categorical “trial” variable, all as fixed
effects. To account for within- and be-
tween-hospital variability, we added re-
cruiting hospitals within trials to the
model as a random effect (primary
analysis model).11

To examine lung compliance, body
mass index, PaO2:FIO2 ratio, presence
of ARDS, and oxygenation index as po-
tential effect modifiers, we added each
of these baseline variables in turn to the
statistical model together with the cor-
responding interaction term with PEEP
group, both as fixed effects.

To compare in-hospital time to death
and time to unassisted breathing for the
groups treated with higher and lower
PEEP, we fitted Cox regression models
with the same covariables. We fitted cor-
responding linear and log-binomial re-
gression models for continuous and bi-
nary secondary outcomes, respectively.
We explored heterogeneity in the treat-
ment effect across trials using a likeli-
hood ratio test that compared a more
complex model that additionally in-
cluded interaction terms between treat-

ment group and trial as fixed effects with
a nested simpler model that excluded
those interaction terms.

As prespecified sensitivity analyses,
we calculated odds ratios and 95% CIs
from corresponding logistic regres-
sion models; conducted a Bayesian
random-effects analysis using nonin-
formative priors19; and used multiple-
imputation techniques to impute miss-
ing covariable data.20 Each of these
analyses generated results very similar
to the ones obtained with the primary
analysis model using log-binomial
regression; we therefore focus this re-
port on the results from the primary
analysis model. In post hoc explor-
atory analyses, we examined hospital
mortality by quintiles of baseline PaO2:
FIO2 ratio and oxygenation index and
investigated the stability of baseline
PaO2:FIO2 ratios by looking at the evo-
lution of PaO2:FIO2 ratios at days 1, 3,
and 7 among patients with a baseline
PaO2:FIO2 ratio greater than 200 mm Hg.
We used Stata version 9.2 (StataCorp,
College Station, Texas) and SAS ver-
sion 11.0 (SAS Institute Inc, Cary,
North Carolina) for statistical analy-
sis, with P! .05 as the nominal level of
statistical significance.

Figure 1. Trial Flow

3 Included in primary meta-analysis of
individual-patient data

1 Included in sensitivity analysis only (did
not meet meta-analysis eligibility criteria)

4 Identified as potentially eligible

9 Retrieved for more detailed evaluation

1426 Potentially relevant randomized
controlled trials identified by search
of MEDLINE, EMBASE, and
Cochrane Central Register of
Controlled Trials plus hand search
of conference proceedingsa

5 Excluded
3 Control group did not use low

tidal volumesb

1 Between-group PEEP difference
<3 cm H2O during first 72 hc

1 Between-group PEEP difference
unclear during first 72 hd

1417 Excluded based on review of titles
and abstracts (did not compare
higher vs lower PEEP)

PEEP indicates positive end-expiratory pressure.
aAmerican Association of Respiratory Care, American
College of Chest Physicians, American Thoracic Soci-
ety, European Society of Intensive Care Medicine,
International Symposium on Intensive Care and
Emergency Medicine, Society of Critical Care Medicine.
bLower PEEP groups received ventilation with tradi-
tionally high volumes (9-14 mL/kg).
cSmall trial (N=57 patients).
dSmall trial (N=30 patients); principal investigator did
not reply to queries.

Table 1. Characteristics of Included Trials

Characteristic

Trial

ALVEOLI,8 2004 LOVS,9 2008 EXPRESS,10 2008
Inclusion criteria Acute lung injury with PaO2:FIO2 "300a Acute lung injury with PaO2:FIO2 "250a Acute lung injury with PaO2:FIO2 "300a

Recruitment period 1999-2002 2000-2006 2002-2005
Recruiting hospitals (country) 23 (United States) 30 (Canada, Australia, Saudi Arabia) 37 (France)
Patients randomized to

higher vs lower PEEP
276 vs 273 476 vs 509b 385 vs 383c

Validity
Concealed allocation Yes Yes Yes
Follow-up for primary

outcome, %
100 100 100

Blinded data analysis Yes Yes Yes
Stopped early Stopped for perceived futility No Stopped for perceived futility
Experimental intervention Higher PEEP according to FIO2 chart, recruit-

ment maneuvers for first 80 patients
Higher PEEP according to FIO2 chart, re-

quired plateau pressures "40 cm H2O,
recruitment maneuvers

PEEP as high as possible without increasing
the maximum inspiratory plateau pres-
sure #28-30 cm H2O

Control intervention Conventional PEEP according to FIO2 chart,
required plateau pressures "30 cm H2O,
no recruitment maneuvers

Conventional PEEP according to FIO2 chart,
required plateau pressures "30 cm H2O,
no recruitment maneuvers

Conventional PEEP (5-9 cm H2O) to meet
oxygenation goals

Ventilator procedures Target tidal volumes of 6 mL/kg of predicted body weight; plateau pressures "30 cm H2O (with exception as above); respiratory rate "35/
min, adjusted to achieve arterial pH 7.30-7.45; ventilator mode: volume-assist control (except higher PEEP group in LOVS required
pressure control); oxygenation goals: PaO2 55-80 mm Hg and SPO2 88%-95%; standardized weaning)

Abbreviations: ALVEOLI, Assessment of Low Tidal Volume and Elevated End-Expiratory Pressure to Obviate Lung Injury; EXPRESS, Expiratory Pressure Study; FIO2, fraction of inspired
oxygen; LOVS, Lung Open Ventilation to Decrease Mortality in the Acute Respiratory Distress Syndrome; PEEP, positive end-expiratory pressure; SPO2, oxygen saturation.

aAcute lung injury defined according to the American-European Consensus Conference.12

b Includes 2 patients for whom consent was withdrawn prior to protocol initiation, without patient, family, and caregivers being aware of group assignment (ie, 983 patients analyzed).
c Includes 1 patient for whom consent was withdrawn prior to protocol initiation, without patient, family, and caregiver awareness of assignment (ie, 767 patients included in the analysis).
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ference, 1.6%) with higher PEEP, but dif-
ferences in fatal consequences from such
barotrauma are unlikely (absolute risk
difference, 0.6%; RR, 1.20; 95% CI, 0.79-
1.81). Otherwise, we found no evi-
dence suggesting serious adverse ef-
fects associated with higher PEEP in
patients with ARDS.

The strengths of this review include
an explicit study protocol and analysis
plan; access to trial protocols, case re-
port forms, and complete, unedited data
sets; standardized outcome definitions
across trials (except for rescue thera-
pies); and analyses based on the inten-
tion-to-treat principle. To minimize the
risk of overfitting and data-driven asso-
ciations, we prespecified a limited num-
ber of prognostic factors and potential
effect modifiers for our statistical mod-
els.23 We calculated RRs adjusted for im-

portant prognostic factors using log-
binomial models16 and allowed for
potential clustering effects by using ran-
dom effects for recruiting hospitals.24 Our
results proved robust in sensitivity analy-
ses applying alternate statistical ap-
proaches. We followed current recom-
mendations for subgroup analyses in
meta-analysisof individual-patientdata,25

thereby overcoming limitations of meta-
analyses using aggregated data.26-29 All in-
cluded trials met high methodological
quality standards (concealed random-
ization, explicit study protocols, and
complete follow-up) and systematically
collected data on important, potential ad-
verse effects of high PEEP administra-
tion by routinely documenting deaths,
pneumothorax, use of vasopressors (he-
modynamic instability) and rescue thera-
pies (refractory hypoxemia), and dura-

tion of mechanical ventilation and
intensive care. An independent data and
safety monitoring committee was estab-
lished to monitor and protect the safety
of participants in each trial. The 3 ma-
jor trials included 90 multidisciplinary
intensive care units with international
representation; these features enhance
the generalizability of our findings.

The subgroup effect for ARDS at
baseline meets all criteria for a cred-
ible subgroup analysis.30 We found a
large and statistically significant (P=.02
for interaction) difference in RRs that
was consistent across individual trials
and efficacy outcomes. The hypoth-
esis was generated a priori and was one
of a small number tested. Exploring the
effect of higher vs lower PEEP across
quintiles suggests a threshold effect,
rather than a progressive increase in

Table 4. Clinical Outcomes in All Patients and Stratified by Presence of ARDS at Baseline

Outcomes

All Patients With ARDS Without ARDS

No. (%)

Adjusted RR
(95% CI)a

P
Value

No. (%)

Adjusted RR
(95% CI)a

P
Value

No. (%)

Adjusted RR
(95% CI)a

P
Value

Higher
PEEP

(n = 1136)

Lower
PEEP

(n = 1163)

Higher
PEEP

(n = 951)

Lower
PEEP

(n = 941)

Higher
PEEP

(n = 184)

Lower
PEEP

(n = 220)

Death in hospital 374 (32.9) 409 (35.2) 0.94
(0.86 to 1.04)

.25 324 (34.1) 368 (39.1) 0.90
(0.81 to 1.00)

.049 50 (27.2) 44 (19.4) 1.37
(0.98 to 1.92)

.07

Death in ICUb 324 (28.5) 381 (32.8) 0.87
(0.78 to 0.97)

.01 288 (30.3) 344 (36.6) 0.85
(0.76 to 0.95)

.001 36 (19.6) 37 (16.8) 1.07
(0.74 to 1.55)

.71

Pneumothorax
between day
1 and day 28c

87 (7.7) 75 (6.5) 1.19
(0.89 to 1.60)

.24 80 (8.4) 64 (6.8) 1.25
(0.94 to 1.68)

.13 7 (3.8) 11 (5.0) 0.72
(0.37 to 1.39)

.33

Death after
pneumothoraxc

43 (3.8) 40 (3.5) 1.11
(0.73 to 1.69)

.63 41 (4.3) 35 (3.7) 1.20
(0.79 to 1.81)

.39 2 (1.1) 5 (2.3) 0.44
(0.08 to 2.35)g

.34

Days with
unassisted
breathing
between day 1
and day 28,
median (IQR)d

13 (0 to 22) 11 (0 to 21) 0.64
(−0.12 to 1.39)e

.10 12 (0-21) 7 (0-20) 1.22
(0.39 to 2.05)e

.004 17 (0-23) 19 (5.5-24) −1.74
(−3.60 to 0.11)e

.07

Total use of rescue
therapiesf

138 (12.2) 216 (18.6) 0.64
(0.54 to 0.75)

!.001 130 (13.7) 200 (21.3) 0.63
(0.53 to 0.75)

!.001 8 (4.4) 16 (7.3) 0.60
(0.25 to 1.43)g

.25

Death after rescue
therapy f

85 (7.5) 132 (11.3) 0.65
(0.52 to 0.80)

!.001 82 (8.6) 124 (13.2) 0.66
(0.52 to 0.82)

!.001 3 (1.6) 8 (3.6) 0.37
(0.10 to 1.46)g

.15

Use of
vasopressors

722 (63.6) 759 (65.3) 0.93
(0.75 to 1.14)g

.49 627 (65.9) 647 (68.8) 0.90
(0.72 to 1.13)g

.37 95 (51.6)111 (50.5) 0.92
(0.56 to 1.50)g

.72

Abbreviations: ARDS, acute respiratory distress syndrome; CI, confidence interval; ICU, intensive care unit; IQR, interquartile range; PEEP, positive end-expiratory pressure; RR,
relative risk.

aMultivariable regression with the outcome of interest as dependent variable; PEEP group, age, probability of dying in hospital derived from prognostic scores at baseline, severe
sepsis at baseline, and trial as independent variables; and hospital as a random effect.

bPatients who died before being discharged from the intensive care unit for the first time up to day 60.
cDefined as the need for chest tube drainage.
dMedian number of days of unassisted breathing to day 28 after randomization, assuming a patient survives and remains free of assisted breathing for at least 2 consecutive

calendar days after initiation of unassisted breathing.
eCoefficient from a corresponding linear regression model using the same independent variables and random effect as the above-described log-binomial model; for example, a

coefficient of 1.22 means that patients in the group treated with higher PEEP have, on average, 1.22 days more of unassisted breathing during the first 28 days compared with
patients in the group treated with lower PEEP.

fAs defined in each trial; rescue therapies included in the Assessment of Low Tidal Volume and Elevated End-Expiratory Pressure to Obviate Lung Injury and the Lung Open Ven-
tilation to Decrease Mortality in the Acute Respiratory Distress Syndrome studies: inhaled nitric oxide, prone ventilation, high-frequency oscillation, high-frequency jet ventilation,
extracorporeal membrane oxygenation, partial liquid ventilation, and surfactant therapy. Rescue therapies included in the Expiratory Pressure Study: prone ventilation, inhaled
nitric oxide, and almitrine bismesylate.

gAdjusted odds ratio substitutes for relative risk, because the corresponding log-binomial model did not converge.

POSITIVE END-EXPIRATORY PRESSURE IN ACUTE LUNG INJURY AND ARDS

870 JAMA, March 3, 2010—Vol 303, No. 9 (Reprinted) ©2010 American Medical Association. All rights reserved.

 at CHUM-CAMPUS HOTEL-DIEU on April 28, 2010 www.jama.comDownloaded from 



Pierre-Marc Chagnon MD FRCPC

1871

independently associated with improved hospital sur-
vival, supporting prior findings from an individual patient 
data meta-analysis [12], as well as a preponderance of 
preclinical evidence suggesting benefits with higher PEEP 
particularly in more severe ARDS.

The lack of a relationship between tidal volume and 
outcome in our patients likely reflects the relatively lim-
ited range of tidal volumes used, which was concentrated 
in a range around a median of 7.1 ml/kg. In particular, the 
use of tidal volumes below 6 or above 10 ml/kg PBW was 
relatively low in these patients. In addition, there may be 

a potential confounding effect of the use of lower tidal 
volumes in more severely ill patients, which is difficult 
to fully dissect out in an observational dataset such as 
this. Our data does not imply that tidal volume is unim-
portant, but rather suggests the widespread adoption of 
lower tidal volume ventilation. We know from large well-
conducted prospective randomized clinical trials that 
reducing tidal volume is a key component of protective 
lung ventilation and saves lives [3, 13].

The association between peak, plateau, and driv-
ing pressures and both hospital and ICU outcome also 

Fig. 2 Relationship between lower versus higher tidal volume, PEEP, driving pressure, and plateau pressure and hospital mortality. a There was no 
relationship between lower (<8 ml/kg PBW) versus higher (≥8 ml/kg PBW) tidal volume and hospital mortality in patients with mild, moderate, or 
severe ARDS. b In patients with moderate ARDS, lower PEEP (i.e., PEEP <12 cmH2O) was associated with increased hospital mortality. This was not 
seen in mild or severe ARDS. c In patients with moderate and severe ARDS, higher driving pressure (i.e., ≥14 cmH2O) was associated with increased 
hospital mortality. This was not seen in mild ARDS. d In patients with severe ARDS, higher plateau pressure (i.e., ≥25 cmH2O) was associated with 
increased hospital mortality. This was not seen in mild or moderate ARDS. *P -value  < 0.05, comparison between risks. Mortality is defined as mor-
tality at hospital discharge or at 90 days after onset of AHRF, which ever event occurred first. All clinical independent parameters were measured at 
ARDS onset. Driving pressure analysis confined to patients in whom plateau pressure was measured and in whom there was no evidence of spon-
taneous ventilation (N = 742 patients). All other analyses completed on the entire patient dataset (n = 2377 patients). RR relative risk, CI confidence 
interval

Mortality benefit for higher PEEP in 
subgroup of patients with more severe 
ARDS?

Actual trend is to use higher levels of 
PEEP in more severe ARDS patients

Caution for mild forms (possible harm)
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about NMBA agent selection, as well as the
impact of the timing of initiation (i.e., early
vs. late, immediately after meeting criteria vs.
after a period of stabilization), dosing (i.e.,
partial blockade vs. full blockade,
intermittent vs. continuous dosing), and
duration (71). Finally, longitudinal data are
needed to understand the impact of NMBAs
on long-term outcomes.

Question 4: Should Patients with
ARDS Receive Higher Compared with
Lower PEEP, with or without LRMs?
Recommendation. We suggest using higher
PEEP without LRMs rather than lower PEEP
in patients with moderate to severe ARDS
(conditional recommendation, low-moderate
certainty). We recommend against using
prolonged (PEEP>35 cmH2O for.60 s)
LRMs in patients with moderate to severe
ARDS (strong recommendation,
moderate certainty).

Background. Higher PEEP can facilitate
alveolar recruitment and prevent cyclic
opening/closing injury, which may in turn
improve gas exchange by decreasing
intrapulmonary shunting and reduce lung
stress (72). However, PEEP can also cause
injurious overdistension in aerated lung and
hemodynamic compromise via increased
right ventricular afterload and decreased
venous return. The net balance of benefit to
harm is reliant on the proportion of
recruitment to overdistension in an
individual patient. The 2017 Clinical Practice
Guideline previously issued conditional
recommendations suggesting higher versus
lower PEEP and the use of LRMs in patients
with moderate to severe ARDS (7). Since that
time, several large RCTs evaluating various
PEEP strategies have been published (73, 74).
Some have included cointerventions of
prolonged LRMs, defined as incremental
increases in PEEP to achieve airway pressures
>35 cmH2O for>60 seconds. Thus, it was
important to incorporate these most recent
studies into an updated recommendation.

Evidence summary. This
recommendation was based on evidence
from twometa-analyses. The first was a
recently published network meta-analysis
comparing the relative effects of different
PEEP strategies using a Bayesian analysis
framework; 18 RCTs with 4,646 participants
with moderate to severe ARDS were
included (75). Compared with lower PEEP,
higher PEEP without LRMs probably
reduced mortality (n=4 trials, 1,162 patients;
RR, 0.77; 95% credible interval [CrI],

0.60–0.96; high certainty) (76–79), improved
oxygenation (MD PaO2

/FIO2
ratio 63.7mmHg

higher; 95% CrI, 51.5–75.9mmHg; high
certainty), and possibly increased ventilator-
free days (MD, 1.3 d more; 95% CI, 2.5 d
fewer to 4.3 d more; low certainty). The
impact on barotrauma was uncertain (RR,
1.13; 95% Crl, 0.87–1.86; very low certainty).
Compared with higher PEEP without LRMs,
higher PEEP with prolonged LRMs probably
increased mortality (RR, 1.37; 95% CrI,
1.04–1.81; moderate certainty), whereas
strategies involving higher PEEP with brief
LRMs or esophageal pressure-guided PEEP
titration may have no effect onmortality (RR,
1.07; 95% CrI, 0.79–1.48; low certainty; and
RR, 1.00; 95% CrI, 0.65–1.54; moderate
certainty, respectively). The secondmeta-
analysis was a prior meta-analysis of
individual patient data that included three
RCTs with 2,299 patients with ARDS and
demonstrated that higher PEEP probably
improved survival compared with lower
PEEP in patients with moderate to severe
ARDS (RR, 0.90; 05% CI, 0.81–1.00;
P=0.049), but possibly increased mortality in
patients with mild ARDS (adjusted RR, 1.29;
95% CI, 0.91–1.83; P=0.02) (80).

Justification and implementation
considerations. Although higher PEEP was
consistently associated with lower mortality
in patients with moderate to severe ARDS,
the panel issued a conditional
recommendation because of a high level of
heterogeneity among higher PEEP strategies
in the included RCTs. For patients with mild
ARDS, there were insufficient data to make a
recommendation on PEEP strategy because
these patients were excluded from the
network meta-analysis, but there appears to
be no benefit of high PEEP versus low PEEP,
and there is a potential trend toward harm
(80). With regard to prolonged LRMs, the
panel issued a strong recommendation
against their use in combination with high
PEEP strategies based on the network meta-
analysis demonstrating a high posterior
probability of harm, presumably due to
serious adverse hemodynamic effects.
Although shorter LRMsmay be better
tolerated, we do not know the safe upper
limit for LRM pressure or duration, which
may vary between individual patients.
Finally, there was a lack of consensus among
the panel on brief LRMs and the use of
esophageal pressures to set PEEP as a result
of high levels of uncertainty of the true effect
of these strategies.

A reasonable implementation approach
for patients with moderate to severe ARDS
would be to use a higher PEEP strategy
previously implemented in the RCTs
included in the aforementionedmeta-
analyses (Figure 2). Techniques that have
been described included oxygenation-based
titration (i.e., using a PEEP/FIO2

table)
(76, 81), increasing PEEP to a maximal safe
plateau pressure (77), and titration to
maximal compliance (78) (Table E11 in the
online supplement). The strategy chosen
should be tailored to the clinician’s expertise
and accompanied by continuous monitoring
of respiratory mechanics, hemodynamics,
and assessments of the patient’s physiologic
response to PEEP.

Uncertainties and research priorities.
The optimal strategy for setting PEEP in
patients with ARDS remains uncertain. None
of the included RCTs incorporated
assessments of lung “recruitability” in
response to higher PEEP strategies.
Validating strategies to assess for lung
recruitability at the bedside, such as the use
of oxygenation response (82), driving
pressure change (83), recruitment/inflation
ratio (84), stress index (85), or electrical
impedance tomography (86), may help guide
individualized PEEP titration. A large
multicenter trial evaluating setting PEEP
based on respiratory mechanics
(recruitability and effort) is ongoing (CAVI-
ARDS [Careful Ventilation in Acute
Respiratory Distress Syndrome] trial; www.
clinicaltrials.gov ID, NCT03963622). There is
an essential need for further studies to
evaluate the effect of PEEP strategies in
specific populations (e.g., obese patients) and
specific ARDS phenotypes (e.g., hyper-/
hypoinflammatory) and with concomitant
interventions (e.g., proning) (87, 88). There is
likely no uniform best PEEP strategy for all
patients with ARDS, and these future
research efforts may help identify patients
who are most likely to benefit from each
PEEP strategy.

Discussion

Although significant advancements have
been made in the management of ARDS,
many questions remain. Several
recommendations in this guideline are
conditional in nature and, as such, require
careful evaluation of patient and illness
characteristics when considering their use.
Future studies may serve to strengthen these
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predispose to regional lung derecruitment with alveo-
lar collapse and small airways closure [103]. The result-
ing mechanical heterogeneity of the lung, with regional 
differences in alveolar compliance and distension, is 
thought to be an important driver of ventilation-induced 
lung injury in ARDS [104, 105]. Positive end-expiratory 
pressure may offset these forces, promoting lung recruit-
ment and attenuating mechanical heterogeneity. PEEP 
is also routinely applied to facilitate adequate oxygena-
tion. Yet, excessive PEEP can exacerbate over-distension, 
potentially predisposing to hyperinflation lung injury and 
hemodynamic compromise. The following analyses eval-
uate randomized clinical trials for effects of various PEEP 
strategies on mortality, ventilator-free days, barotrauma, 
and hemodynamic compromise.

Summary of the evidence
Three multi-center randomized clinical trials were identi-
fied that compared a higher versus lower PEEP/FiO2 strat-
egy: ALVEOLI [106], LOVS [107], and EXPRESS [108]. 
ALVEOLI (n = 549) and LOVS (n = 983) each evaluated 
higher versus lower PEEP/FiO2 titration tables, which 
specified allowable combinations of PEEP and  FiO2 with 
instructions to target the lowest allowed combination. 
The EXPRESS trial (n = 767) compared PEEP titrated to 
achieve a plateau pressure of 28–30  cmH2O (herein identi-
fied as the higher-PEEP strategy) versus a minimal disten-
sion strategy with PEEP adjusted between 5 and 9  cmH2O 
(herein identified as the lower PEEP strategy). Four end-
points were considered in our evidence synthesis: efficacy 
endpoints (mortality and ventilator-free days), and safety 
endpoints (barotrauma and hemodynamic instability).

The primary outcome for all three trials was some 
formulation of mortality, which was not significantly 
different in any of the three trials nor in the meta-anal-
ysis (pooled risk ratio for hospital mortality 0.93; 95% CI 
0.83–1.04). Ventilator-free days (VFD) was not pooled 
since it was only being reported in two trials, one using 
medians and the other mean values. VFD was not sig-
nificantly different in ALVEOLI. Though VFD was not 
reported in LOVS, duration of mechanical ventila-
tion among survivors was not significantly different. In 
EXPRESS, the higher-PEEP group had significantly more 
VFD than the lower PEEP group. Incidence of baro-
trauma did not differ significantly in any of the three 
trials nor in the meta-analysis (pooled RR 1.17; 95% CI 
0.90–1.52). Hemodynamic instability was not meta-ana-
lyzed due to reporting differences among trials. In ALVE-
OLI, hemodynamic instability was not reported directly 
in the primary publication. In LOVS, hemodynamics was 
reported as days of vasopressor use and number of vaso-
pressors per day in use, and were comparable between 
groups. In EXPRESS, significantly more patients in the 

higher-PEEP group required fluid loading during the first 
72 h (75.3 vs. 66.8%; p = 0.01), but there was no signifi-
cant difference in patients requiring vasopressor therapy.

Recommendation 6.1

We are unable to make a recommendation for or against rou-
tine PEEP titration with a higher PEEP/FiO2 strategy versus a lower 
PEEP/FiO2 strategy to reduce mortality in patients with ARDS.
No recommendation; high level of evidence of no effect.

This statement applies also to ARDS from COVID-19.
No recommendation; moderate level of evidence of no effect for 
indirectness.

Question 6.2: In patients with ARDS undergoing invasive 
mechanical ventilation, does routine PEEP titration based 
principally on respiratory mechanics compared to PEEP 
titration based principally on a standardized PEEP/FiO2 
table reduce mortality?

Summary of the evidence
Four randomized clinical trials were identified that 
compared a mechanics-based PEEP strategy to a stand-
ardized PEEP/FiO2 table: EPVent [109], EPVent-2 [110], 
Pintado et al. [111], and ART [112]. EPVent (n = 61) was 
a single-center trial that compared PEEP titrated with 
an end-expiratory transpulmonary pressure (PL)/FiO2 
table versus a low PEEP/FiO2 table. EPVent-2 (n = 200) 
was a multi-center trial that compared PEEP titrated 
with a PL/FiO2 table versus a high PEEP/FiO2 table. In 
EPVent and EPVent-2, transpulmonary pressure was 
calculated as airway minus pleural pressure, the latter 
estimated with esophageal manometry. Pintado et  al. 
(n = 70) was a single-center trial that compared PEEP 
titrated to achieve highest respiratory compliance (i.e., 
lowest driving pressure, defined as plateau pressure 
minus total PEEP) versus a low PEEP/FiO2 table. ART 
was a multi-center trial (n = 1010) that compared PEEP 
titrated to 2   cmH2O above that which achieved highest 
respiratory compliance versus a low PEEP/FiO2 table. 
Notably, in ART, patients assigned to the compliance-
guided PEEP strategy also underwent a prolonged 
high-pressure recruitment maneuver of several minutes 
duration prior to selecting PEEP, which was thought 
to directly cause cardiac arrest in at least three trial 
participants.

Mortality was not statistically significant in the 
EPVent, EPVent-2, or Pintado et  al. trials. How-
ever, in ART, mortality was significantly higher in the 
mechanics-based group (RR 1.12; 95% CI 1.00–1.26). 
The pooled mortality in the meta-analysis was not sig-
nificant with a mechanics-based PEEP strategy versus 
a PEEP/FiO2 table (pooled RR 0.85; 95% CI 0.57–1.29). 
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lung volume history and do not reflect
steady-state lung conditions (14).

A decremental PEEP trial (DPT) after
full lung recruitment allows the clinician
to titrate PEEP along the deflation limb
of the PV curve while observing changes
in both oxygenation and lung mechanics
(12, 15). During a decremental PEEP
trial, the point of maximal tidal compli-
ance and the point of maximum curva-
ture have been shown to correspond to
OL-PEEP (12, 13).

The aim of this study was to investi-
gate whether changes in dynamic com-
pliance, measured on a breath-by-breath
basis during a decremental PEEP trial,
could detect the occurrence of lung col-
lapse as defined by oxygenation and CT
scan and hence identify OL-PEEP.

MATERIALS AND METHODS

The study was performed at the Depart-
ments of Clinical Physiology and Radiology of
the University Hospital of Uppsala, Sweden.
Eight healthy pigs (weight 29.8 ! 2.1, Swed-
ish mixed country breed) were studied after
approval by the local animal ethics committee.

Experimental Model. After induction of an-
esthesia, animals were tracheotomized and ven-
tilated through a 7-mm inner diameter endotra-
cheal tube (Mallinckrodt, Athlone, Ireland). A
constant flow ventilation mode (Servo-i, Maquet
Critical Care, Solna, Sweden), a tidal volume of 6
mL/kg of body weight, a respiratory rate of 30
breaths/min, a PEEP level of 6 cm H2O, and an
inspiratory/expiratory of 1:2 were started. FIO2
was maintained at 1.0 during the entire study
period.

Lung lavages with warm saline (16) were
repeated every 5 mins until a sustained reduc-
tion in the PaO2/FIO2 "100 mm Hg during a
period of 60 mins was obtained.

Blood Gases and Hemodynamic Monitor-
ing. Femoral artery pressure was monitored.
Pulmonary arterial pressures, cardiac output,
and mixed venous saturation were continu-
ously measured via a fiberoptic pulmonary
oximetry catheter (CCOmbo 7.5-Fr, Edwards
Life Sciences LLC, Irvine, CA).

Arterial blood gases were monitored con-
tinuously (Trendcare, Diametrics Medical Ltd,
High Newcombe, UK). Independent arterial
and mixed venous blood samples were ob-
tained at the end of each PEEP step (ABL 300,
OSM 3 and co.oximeter, Radiometer, Copen-
hagen, Denmark).

Lung Mechanics. Breath-by-breath dy-
namic compliance was calculated and its on-
line trend displayed on the ventilator’s screen
using the Open Lung Tool (Servo-i Maquet
Critical Care, Solna, Sweden). At the end of
each protocol step, two 5-sec end-inspiratory
and end-expiratory hold maneuvers were per-
formed for calculating static compliance and
to exclude intrinsic PEEP, respectively. Airway

resistance was calculated using independent
flow and pressure sensors (CO2SMO Plus, No-
vametrix Medical Systems. Wallingford, CT).

Computed Tomography Analysis. The
changes in lung aeration were studied by com-
puted tomography (CT) (Somatom Sensation
16, Siemens, Forchheim, Germany). Transverse
CT slices were obtained 2 cm cranial of the right
diaphragmatic dome (as determined by a prior
scout view) during end-expiratory and end-
inspiratory hold maneuvers at the end of each
protocol step. CT exposure time was 0.75 secs at
120 mA and 100 Kv. Images were reconstructed
with 6-mm slice thickness using a standard body
reconstruction filter (Siemens notation, B40s).

For CT image analysis, the software Mal-
una (Mannheim Lung Analyzing Tool, version
2.02, Mannheim, Germany) was used. Differ-
ently aerated lung regions were classified us-
ing standard definitions based on Houndsfield
units (HU) (17): nonaerated (NonA, #100 to
$100 HU), poorly aerated ($100 to $500
HU), normally aerated ($500 to $900 HU),
and hyperinflated ($900 and $1000 HU). The
amount of NonA (equals atelectasis) was ex-
pressed as a percentage of the total lung area
(18). The extent of tidal recruitment was com-
puted by subtracting the area of NonA at end-
expiration from the one at end-inspiration (19).

A fully recruited lung was defined by all of
the following criteria:

a) Gain in compliance of %30% compared
with baseline

b) PaO2/FIO2 %400 mm Hg
c) NonA !5%
Likewise, lung collapse was defined as fol-

lows:
a) Maximum value of dynamic compliance

during stepwise PEEP reduction
b) PaO2/FIO2 reduction of "10% of any in-

dividual maximum value reached after
recruitment

c) NonA "5% of the total lung section
OL-PEEP was defined as the pressure level

just before point of collapse as defined by
dynamic compliance (Cdyn).

Study Protocol. After baseline data acquisi-
tion at a PEEP of 6 cm H2O, ventilation pres-
sures were stepwise increased before applying
the recruitment pressures. The RM was per-
formed in pressure control mode with a PEEP of
30 cm H2O and a peak inspiratory pressure of 60
cm H2O for 2 mins. The inspiratory/expiratory
ratio was increased to 1:1. Thereafter, the ven-
tilator was switched back to the previous set-
tings but with a PEEP of 24 cm H2O. PEEP
was then reduced in steps of 2 cm H2O start-
ing from 24 down to 6 cm H2O and finally in
one step to zero end-expiratory pressure. The
total duration of the DPT was 110 mins. Tidal
volume was maintained constant at 6 mL/kg.
Each PEEP was applied for 10 mins to allow
for hemodynamic and respiratory stabilization
(Fig. 1).

A custom-made data acquisition system
programmed in LabView (version 6.0, National
Instruments, Austin, TX) recorded all vari-
ables except for off-line blood gases. Mean data
from 30 breaths before blood sampling and
breath hold maneuvers were used as represen-
tatives for each protocol step.

Statistical Analysis. Results are expressed
as mean ! SD unless otherwise specified. Con-
tinuous variables were analyzed by analysis of
variance using Bonferroni’s multiple compar-
ison test for post hoc analysis. Correlations
between the percentage of NonA and oxygen-
ation variables were made by linear regression
analysis. Agreement between dynamic and
static compliance was tested by the Bland-
Altman method (20). Sensitivity and specific-
ity of Cdyn and oxygenation to detect a 5%
lung collapse on the CT scan (the reference
method) were evaluated by constructing a re-
ceiver operating characteristics curve (20–
22). Significance was assumed at p " .05.
Statistical analysis was performed using SPSS
11.0 (SPSS, Chicago, IL).

RESULTS

The RM fulfilled the predefined crite-
ria in all animals. No animal developed

Figure 1. Study protocol. Each box represents a protocol step of 10 mins duration at the end of which
a data set and computed tomography (CT) scans were obtained. During the recruitment maneuver
(RM), ventilation settings were changed for 2 mins to pressure controlled at 60 cmH2O peak
inspiratory pressure with 30 cm H2O of positive end-expiratory pressure (PEEP). Vt, tidal volume; I:E,
inspiratory/expiratory ratio; RR, respiration rate.
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barotrauma detectable by CT scan. Main
variables at selected protocol steps are
shown in Table 1.

Changes in Cdyn during the DPT
showed a similar pattern in all animals
(Fig. 2), and visual identification of each
maximum value was easy. The point of
maximum Cdyn was reached at a PEEP of
14 cm H2O, and its first visual decrease
occurred at 12 cm H2O. Consequently,
OL-PEEP was set to 16 cm H2O. Cdyn
measured at the airway opening using the
CO2SMO Plus and static compliance both
were slightly higher than Cdyn measured
within the ventilator (mean difference
1.3 ! 0.6 and 3.3 ! 0.8 mL/cm H2O,
respectively). However, irrespective of the
method, all curves ran in parallel, showed
a similar overall behavior, and reached
their respective maxima at identical
PEEP levels. Correlations between Cdyn
of the ventilator and Cdyn at the airway
opening on the one hand (R " .98) and
static compliance on the other (R " .92)
were high (p # .01). Figure 3 shows Cdyn
and static compliance of the ventilator.

Maximum values of airway resistance of
23.2 ! 4.8 cm H2O·L$1·s$1 were seen dur-
ing baseline ventilation. After recruitment,
resistance significantly decreased and con-
tinued to decrease in parallel with PEEP
until its lowest value (10.1 ! 0.7 cm
H2O·L$1·sec$1) at PEEP 12 cm H2O, only
to increase again at even lower PEEPs.

Oxygenation remained stable through-
out the first four PEEP decrements. Maxi-
mum oxygenation occurred at PEEP 22 cm
H2O (PaO2 " 557 ! 26 mm Hg). A decrease
of !10% in oxygenation occurred at a
PEEP of 14 cm H2O, although the first
statistically significant reduction was at
PEEP 12 cm H2O, corresponding to a 17%
decrease from maximal PaO2 (p # .001).
Further reductions in PEEP led to a con-
tinuous and rapid decrease in PaO2 in par-
allel with the reduction in Cdyn (Fig. 4).
The curve representing the shunt fraction
was a mere mirror image of PaO2.

After RM, PaCO2 significantly decreased
and remained stable during the DPT until
the lowest PEEP levels were reached. Ini-
tially, carbon dioxide elimination decreased
after recruitment but reached its maxi-
mum at OL-PEEP (Table 2).

After recruitment, the percentage of
NonA tissue decreased to values #3%.
During the first PEEP decrements, NonA
showed minimal variability. The CT col-
lapse criterion (%5% NonA) was met at
PEEP 12 cm H2O (7.3 ! 5.4% NonA). The
first significant increase in NonA, how-
ever, occurred at PEEP 8 cm H2O (18%

NonA, p # .001). Changes in NonA cor-
related with changes in shunt (R " .85,
p # .001) (Fig. 4) and showed a negative
correlation with changes in PaO2 (R "
$.86, p # .001). Figure 5 shows CT im-
ages at selected protocol steps and the
corresponding HU frequency distribution
in a representative animal.

Tidal recruitment remained #0.25%
until OL-PEEP (16 cm H2O) but progres-

sively increased with further PEEP reduc-
tions (Fig. 6).

Both definitions of collapse, the point
of maximal compliance and a %10% fall
in oxygenation from its post-RM maxi-
mum, showed a sensitivity of 84.4% and a
specificity of 87.5 and 95.8% (p # .001),
respectively, for detecting a fraction of
NonA tissue on the CT images of %5%
(Fig. 7).

Table 1. Main variables at selected protocol steps

Baseline Post-RM OL-PEEP Collapse Post-Collapse Final PEEP

PEEP, cm H2O 6 24 16 14 12 6
Cdyn, mL/cm H2O 10.2 ! 1.9 11.8 ! 1.9 22.1 ! 4.2 23.2 ! 3.9 22.6 ! 4.4 14.6 ! 3.2
PaO2/FIO2, mm Hg 89 ! 65 557 ! 47 520 ! 47 477 ! 83 408 ! 115 184 ! 91
CT Non-A, % 38.3 ! 11.5 2.3 ! 1.3 2.7 ! 2.3 4.4 ! 3.8 7.3 ! 5.4 27.1 ! 10.3
Shunt, % 43.6 ! 12.9 4.4 ! 1.4 6.8 ! 2.2 8.9 ! 3.9 12.8 ! 5.4 29.1 ! 5.9

Baseline, after induction of lung injury; post-RM, post recruitment at first decremental PEEP step;
OL-PEEP, open lung positive end-expiratory pressure 2 cm H2O above maximal dynamic compliance;
collapse, PEEP level resulting in maximal dynamic compliance; post-collapse, first decremental PEEP
step after maximal compliance; final PEEP, PEEP level equal to baseline but during decremental PEEP
trial; Cdyn, dynamic compliance; CT NonA, percentage of nonaerated tissue ($100 to 100 Houndsfield
units) on the computed tomography scan.

Figure 2. Individual changes in dynamic compliance during the protocol. A biphasic response (i.e., a
first increment and a subsequent decrement with a visually identifiable maximum) was observed in all
animals. Each symbol represents an individual animal. RM, recruitment maneuver; PEEP, positive
end-expiratory pressure.

Figure 3. Linear correlation (A) and Bland-Altman plot (B) of dynamic (Cdyn) and static compliance
(Cst) measurements Bias refers to mean difference. Precision is 1 SD of difference.
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• ART trial, JAMA 2017, 318 (14), p. 1335
• Multicenter RCT
• 1010 moderate to severe ARDS patients
• Lung recruitment and PEEP titration according to best-Crs (501 patients) vs. 

ARDSnet (509 patients)

Pierre-Marc Chagnon MD FRCPC

Effect of Lung Recruitment and Titrated Positive
End-Expiratory Pressure (PEEP) vs Low PEEP on Mortality
in Patients With Acute Respiratory Distress Syndrome
A Randomized Clinical Trial
Writing Group for the Alveolar Recruitment for Acute Respiratory Distress Syndrome Trial (ART) Investigators

IMPORTANCE The effects of recruitment maneuvers and positive end-expiratory pressure
(PEEP) titration on clinical outcomes in patients with acute respiratory distress
syndrome (ARDS) remain uncertain.

OBJECTIVE To determine if lung recruitment associated with PEEP titration according to the
best respiratory-system compliance decreases 28-day mortality of patients with moderate to
severe ARDS compared with a conventional low-PEEP strategy.

DESIGN, SETTING, AND PARTICIPANTS Multicenter, randomized trial conducted at 120
intensive care units (ICUs) from 9 countries from November 17, 2011, through April 25, 2017,
enrolling adults with moderate to severe ARDS.

INTERVENTIONS An experimental strategy with a lung recruitment maneuver and PEEP
titration according to the best respiratory–system compliance (n = 501; experimental group)
or a control strategy of low PEEP (n = 509). All patients received volume-assist control mode
until weaning.

MAIN OUTCOMES AND MEASURES The primary outcome was all-cause mortality until 28 days.
Secondary outcomes were length of ICU and hospital stay; ventilator-free days through day
28; pneumothorax requiring drainage within 7 days; barotrauma within 7 days; and ICU,
in-hospital, and 6-month mortality.

RESULTS A total of 1010 patients (37.5% female; mean [SD] age, 50.9 [17.4] years) were
enrolled and followed up. At 28 days, 277 of 501 patients (55.3%) in the experimental group
and 251 of 509 patients (49.3%) in the control group had died (hazard ratio [HR], 1.20; 95%
CI, 1.01 to 1.42; P = .041). Compared with the control group, the experimental group strategy
increased 6-month mortality (65.3% vs 59.9%; HR, 1.18; 95% CI, 1.01 to 1.38; P = .04),
decreased the number of mean ventilator-free days (5.3 vs 6.4; difference, −1.1; 95% CI, −2.1
to −0.1; P = .03), increased the risk of pneumothorax requiring drainage (3.2% vs 1.2%;
difference, 2.0%; 95% CI, 0.0% to 4.0%; P = .03), and the risk of barotrauma (5.6% vs 1.6%;
difference, 4.0%; 95% CI, 1.5% to 6.5%; P = .001). There were no significant differences in
the length of ICU stay, length of hospital stay, ICU mortality, and in-hospital mortality.

CONCLUSIONS AND RELEVANCE In patients with moderate to severe ARDS, a strategy with
lung recruitment and titrated PEEP compared with low PEEP increased 28-day all-cause
mortality. These findings do not support the routine use of lung recruitment maneuver and
PEEP titration in these patients.

TRIAL REGISTRATION clinicaltrials.gov Identifier: NCT01374022

JAMA. 2017;318(14):1335-1345. doi:10.1001/jama.2017.14171
Published online September 27, 2017.
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28-day mortality was 1.22 (95% CI, 1.03-1.45; P = .02). In the
post hoc frailty Cox model, the hazard ratio was 1.21 (95% CI,
1.02-1.44; P = .03).

All-cause mortality was also higher within 6 months in
the experimental than in the control group (65.3% vs 59.9%;
hazard ratio, 1.18; 95% CI, 1.01-1.38; P = .04) (Table 2). Differ-
ences in the ICU or in-hospital mortality between groups
were not statistically significant. Compared with the control
group, mortality in the experimental group was higher during
the first 7 days, with increased rates of death with baro-
trauma (Table 2). There were no significant differences in the
rates of death with refractory hypoxemia, death with acido-
sis, and cardiorespiratory arrest between groups. Lengths of
stay in the ICU or hospital were also not significantly differ-
ent. The experimental group had fewer ventilator-free days
during the first 28 days. The rates of pneumothorax requiring

drainage and rates of any barotrauma increased in the experi-
mental group. Within 1 hour, commencement or increase in
vasopressors or hypotension were more common in the
experimental group, but there were no differences in refrac-
tory hypoxemia or severe acidosis.

Subgroup and Exploratory Analyses
Effects of experimental vs control strategy on 28-day mor-
tality were not significantly different across subgroups
(Figure 3). Treatment effects were also not significantly dif-
ferent in the periods of study before and after the protocol
was modified with reduction in the length and in the maxi-
mum PEEP and pressure levels of the recruitment maneuver
(P = .89). Treatment effects were also not significantly dif-
ferent per quartiles according to order of enrollment in the
trial (P = .76).

Table 2. Outcomes Among Patients Treated With Lung Recruitment Maneuver With Positive End-Expiratory Pressure (PEEP) vs Low-PEEP Strategy

Outcome

Lung Recruitment
Maneuver With PEEP
Titration Group
(n = 501)

Low-PEEP Group
(n = 509)

Type of
Effect Estimate

Effect Estimate
(95% CI) P Value

Primary Outcome

Death ≤28 d, No. of events/total No. (%) 277/501 (55.3) 251/509 (49.3) HR 1.20 (1.01 to 1.42) .041

Secondary Outcomes

Death, No. of events/total No. (%)

In intensive care unit 303/500 (60.6) 284/509 (55.8) RD 4.8 (–1.5 to 11.1) .13

In hospital 319/500 (63.8) 301/508 (59.3) RD 4.5 (–1.7 to 10.7) .15

Within 6 moa 327/501 (65.3) 305/509 (59.9) HR 1.18 (1.01 to 1.38) .04

Length of stay, d

Intensive care unit, mean (SD) 18.2 (22.4) 19.2 (25.9) MD –1.0 (–4.0 to 2.0) .51

Median (IQR) 12.0 (5.0 to 23.0) 14.0 (7.0 to 23.0)

Hospital, mean (SD) 25.5 (32.3) 26.2 (31.7) MD –0.7 (–4.6 to 3.3) .74

Median (IQR) 15.0 (5.0 to 32.0) 18.0 (7.0 to 35.0)

No. of ventilator-free d from d 1 to d 28,
mean (SD), d

5.3 (8.0) 6.4 (8.6) MD –1.1 (–2.1 to –0.1) .03

Median (IQR) 0.0 (0.0 to 11.0) 0.0 (0.0 to 14.0)

Pneumothorax requiring drainage ≤7 d,
No./total No. (%)

16/501 (3.2) 6/509 (1.2) RD 2.0 (0.2 to 3.8) .03

Barotrauma ≤7 d, No./total No. (%) 28/501 (5.6) 8/509 (1.6) RD 4.0 (1.5 to 6.5) .001

Exploratory Outcomes, No./Total No. (%)

Death

Within 7 d 160/501 (31.9) 130/509 (25.5) RD 6.4 (0.6 to 12.2) .03

With refractory hypoxemia ≤7 db 45/501 (9.0) 51/509 (10.0) RD –1.0 (–4.9 to 2.8) .59

With refractory acidosis ≤7 dc 68/501 (13.6) 56/509 (11.0) RD 2.6 (–1.7 to 6.8) .25

With barotrauma ≤7 dd 7/501 (1.4) 0/509 (0.0) RD 1.4 (0.2 to 2.6) .007

Cardiorespiratory arrest on day 1e 5/501 (1.0) 2/509 (0.4) RD 0.6 (–0.6 to 1.8) .28

Need of commencement or increase
of vasopressors or hypotension
(MAP <65 mm Hg) within 1 h

174/500 (34.8) 144/508 (28.3) RD 6.5 (0.5 to 12.4) .03

Refractory hypoxemia (PaO2<55 mm Hg) ≤1 h 8/496 (1.6) 10/506 (2.0) RD –0.4 (–2.2 to 1.5) .81

Severe acidosis (pH<7.10) ≤1 h 65/496 (13.1) 55/506 (10.9) RD 2.2 (–2.0 to 6.5) .29

Abbreviations: HR, hazard ratio; IQR; interquartile range; MAP; mean arterial
pressure; MD, mean difference; RD, risk difference.
a Six-month follow-up data was obtained from all patients, except for 23 cases

who were followed up and censored between 2 and 6 mo.
b Death with refractory hypoxemia defined as death with last arterial

blood gas analysis before dying collected with FIO2 = 100%
showing PaO2<55 mm Hg.

c Death with refractory acidosis defined as death with last arterial blood gas
analysis before dying with pH<7.10.

d Death with barotrauma defined as persistent pneumothorax or expanding
subcutaneous emphysema or persistent pneumomediastinum with
chest tube at the involved site.

e Cardiorespiratory arrest defined as unexpected cardiac arrest, not due
to progressive refractory shock.
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ART Trial
• Baseline characteristics

– 2/3 of patients with septic shock
– 62% primary ARDS

• Injurious protocol
– modified after 555 patients enrolled
– 3 cardiac arrest following recruitment manoeuvres
– Pressure levels not seen in the previous literature (ad 45 cmH2O for 2 minutes)

• Lack of external validity (mainly South America)
• No blinding possible
• Open lung strategy according to ART not recommended
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Setting PEEP in ARDS

According to FiO2 scale
Incremental PEEP (EXPRESS)

Decremental PEEP
Stress Index method

P-V curve
Transpulmonary pressure

Driving pressure and mechanical power
Right ventricular considerations

Recruitment / inflation ratio
Electrical impedance tomography
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Paw = (El X Vt) + (R X Q) + PEEPtot

Index < 1 = convexity Continuous 
decrease in elastance

Index > 1 = concavity Continuous 
increase in elastance

Index 0.9-1.1 =  linear Elastance 
remains stable throughout inflation
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abdomen). Whether ∆PL better predicts
clinical outcomes than the more easily
measured ∆P requires further study (96).

Stress Index
Conventional detection of recruitment and
overdistension during MV involves analysis
of the change in compliance (represented
by changes in the slope of the static
pressure–volume curve). Ranieri and
colleagues (97) found that, by using
constant-flow inflation, the dynamic
pressure–volume curve during MV could
provide the same information as the static
curve. As Pres remains constant during
inflation at constant flow, the change in
Paw reflects the change in Pel. Because
volume is the integral of flow rate over
time, the pressure–time curve at a constant
flow can be used as a surrogate for the
quasistatic pressure–volume curve.
Through fitting pressure (either Paw or PL)
as a power function of time:

pressure ¼ a$timeb 1 c; (12)

where coefficients a, b, and c are constants,
the shape of pressure–time curve can be
described by coefficient b and termed the
“stress index.” A convex pattern (b, 0.9)
of the pressure–time curve indicates
intratidal recruitment, a straight line (0.9,
b, 1.1) indicates linear compliance, and a
concave pattern (b. 1.1) indicates
hyperinflation (98). An alternative
approach has been used by fitting the
volume as a quadratic function of pressure,
and analyzing the signal of the quadratic
coefficient E2 (elastance dependent on
volume) to indicate either intratidal
recruitment or overdistension (99).

Experimental studies have confirmed
these shape thresholds and their association
with VILI, but a number of caveats exist
regarding interpretation in situations of
pleural effusions, high intra-abdominal
pressure (100), or heterogeneous lung
disease (99). A concave pattern of
pressure–time curve may relate to progressive
decrease in recruitment rather than
specifically overdistension (101). Moreover,
the stress index was developed with larger VT

values than are currently used, increasing the
technical difficulties in obtaining reliable
values, especially at high inspiratory flow.
Finally, it requires dedicated software. Simply
observing the shape of the pressure–time
curve during constant flow is sometimes
insightful when titrating PEEP or VT at the
bedside (Figure 4).

Stress and Strain
Lungs of patients with the same body weight
ventilated with the same VT may be subjected
to different forces dependent on the size of
the functional lung. This is expressed by the
mechanical concepts of stress and strain.

Stress is the net force acting on a
material structure, for instance, a lung strip
connecting the hilum to visceral pleura,
causing deformation (i.e., strain), divided by
the cross-sectional area of this strip. In
respiratory mechanics, lung stress reflects
the net distending pressures applied on the
lung parenchyma, opposed by the elastic
pressures generated by the tensioned
alveolar walls and lung scaffold. Stress is
equal to PL (Paw2 Ppl) under zero flow
conditions. Strain represents the
deformation experienced by a structure,
and is defined as the change in length (Dl)
or volume compared with the structure’s
initial length (l0) or volume, assumed to be
the natural, unstressed condition:

strain ¼ Dl=l0; (13)

and, with respect to lung mechanics:

strain ¼ Vt=FRC: (14)

FRC is here assumed as the nonstressed,
resting lung condition. The concept of strain
demonstrates how it is possible, with the

same ideal body weight and VT, but
different FRC (e.g., by disease), to have
different risks of injury. The generation of
strain above specific levels is associated
with clinical and biochemical markers of
lung injury. In healthy pigs, MV with strain
greater than 1.5–2 was systematically
associated with the development of VILI
(102). Similarly, in an observational human
study, patients with ARDS and high strain
showed a fourfold increase of IL-6 and IL-8
concentrations in bronchoalveolar lavage
fluid compared with those with normal
strain (103). Recently, it was demonstrated
that fludeoxyglucose F 18 uptake in the
normally aerated tissue (the baby lung) was
strongly associated with high strain in those
regions (104, 105).

Although measuring FRC and resting
lung volume is still challenging (106),
altered compliance is a marker of the lung
volume reduction caused by disease. As
such, ∆P, reflecting the ratio between VT

and the functional lung size, provides an
indirect approach to estimate VT-induced
strain at the bedside.

PL and Strain
It may be possible to estimate strain from
measurements of stress, as the two values are
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Figure 4. Stress index. Examination of the late portion of the inspiratory pressure–time curve may
provide information on the effect of positive end-expiratory pressure (PEEP) on tidal recruitment.
(A) Demonstration of a convex shape, consistent with a stress index less than 1, on a PEEP of 5 cm
H2O. (B) Demonstration of a flat shape, consistent with a stress index of 1, on a PEEP of 10 cm
H2O. (C) Demonstration of a concave shape, consistent with a stress index greater than 1, on a
PEEP of 15 cm H2O. These patterns are correlated with intratidal alveolar recruitment, stable
alveolar mechanics, and tidal hyperinflation, respectively. Paw = airway pressure.
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• Stress index method
– Grasso et al., CCM 2004, 32 (4), p. 1018
– Constant flow (square wave) assist-control ventilation
– PEEP adjusted for stress index values between 0.9-1.1
– Vs. ARMA
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Airway pressure-time curve profile (stress index) detects tidal
recruitment/hyperinflation in experimental acute lung injury

Salvatore Grasso, MD; Pierpaolo Terragni, MD; Luciana Mascia, MD, PhD; Vito Fanelli, MD;
Michel Quintel, MD; Peter Herrmann, PhD; Goran Hedenstierna, MD; Arthur S. Slutsky, MD;
V. Marco Ranieri, MD

Analysis of computed tomogra-
phy (CT) images of animals
and patients with acute lung
injury (ALI) have identified

three major regions: relatively normal
lung regions located in the nondependent
lung, areas of partially collapsed lung
and/or alveolar filling located in the mid-
dle lung, and areas of pulmonary consol-
idation located in the most dependent

lung (1–3). CT studies investigating the
effects of mechanical ventilation have
suggested that recruitment/derecruit-
ment of atelectatic alveoli and hyperinfla-
tion of normal alveoli may occur when
inappropriate levels of positive end-
expiratory pressure (PEEP) are used
and/or when the large part of the inflat-
ing volume is distributed to the normal
lung regions (1, 2), respectively. These

events may lead to stress failure due to
the excessive wall tension of the hyperin-
flated alveolar regions and shear stress
due to the tidal recruitment of the col-
lapsed alveoli (4). Recent clinical trials
have demonstrated that ventilatory strat-
egies minimizing tidal recruitment and
tidal hyperinflation improved survival in
patients with ALI (5, 6).

PEEP above the lower inflection point
and plateau pressure below the upper in-
flection point of the static volume-
pressure curve were thought to minimize
tidal recruitment and tidal hyperinfla-
tion, respectively (6). However, several
studies showed that the lower and upper
inflection points do not identify the pres-
sure ranges to minimize tidal recruit-
ment and tidal hyperinflation since lung
recruitment occurs throughout the en-
tire static volume-pressure curve (7, 8).
In addition, issues related to reproduc-

Objective: To evaluate whether the shape of the airway pres-
sure-time (Paw-t) curve during constant flow inflation corre-
sponds to radiologic evidence of tidal recruitment or tidal hyper-
inflation in an experimental model of acute lung injury.

Design: Prospective randomized laboratory animal investiga-
tion.

Setting: Department of Clinical Physiology, University of Upp-
sala, Sweden.

Subjects: Anesthetized, paralyzed, and mechanically ventilated
pigs.

Interventions: Acute lung injury was induced by lung lavage.
During constant inspiratory flow, the Paw-t curve was fitted to a
power equation: airway pressure ! a · timeb"c ,where coefficient
b (stress index) describes the shape of the curve: b ! 1, straight
curve; b < 1, progressive increase in slope; and b > 1, progres-
sive decrease in slope. Tidal volume (VT) was 6 mL/kg, and
positive end-expiratory pressure was set to obtain a b value
between 0.9 and 1.1 before (b ! 1) and after (b ! 1 after
recruiting maneuver) application of a recruiting maneuver. Posi-
tive end-expiratory pressure was decreased and VT increased to
obtain 0.9 > b > 0.8 and 0.8 > b > 0.6, whereas positive

end-expiratory pressure and VT were both increased to obtain 1.3
> b > 1.1 and 1.5 > b > 1.3. Experimental conditions sequence
was random.

Measurements and Main Results: Pulmonary computed tomog-
raphy was obtained during end-expiratory and end-inspiratory
occlusions. Tidal recruitment was quantified as nonaerated (be-
tween #100 and "100 Hounsfield units) lung area at end-expi-
ration minus end-inspiration. Tidal hyperinflation was quantified
as hyperinflated (between #900 and #1000 Hounsfield units)
lung area at end-inspiration minus end-expiration. Computed
tomography images showed that tidal recruitment and tidal hy-
perinflation corresponded to b < 1 and b > 1, respectively. Stress
index values and tidal recruitment and tidal hyperinflation values
were significantly correlated (R2 ! .917 and R2 ! .911, p < .0001,
respectively).

Conclusions: Shape of the Paw-t curve detects tidal recruit-
ment and tidal hyperinflation. (Crit Care Med 2004; 32:1018–1027)

KEY WORDS: acute lung injury; recruitment; hyperinflation; ven-
tilator-induced lung injury, tidal volume; positive end-expiratory
pressure
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Stress Index

1) Less PEEP
2) Same P/F ratio
3) Small derecruitment (but 
no consequence on 
oxygenation)
4) Decreased elastance
5) Decrease in inflammatory 
markers
6) Decrease in PCO2
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Stress Index

ARMA patients
• More PEEP (13 vs. 7)
• Increased elastance
• Increased PCO2
• Increased inflammatory 

markers
• Increased PVR
• Decreased CO
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According to FiO2 scale
Incremental PEEP (EXPRESS)

Decremental PEEP
Stress Index method

P-V curve
Transpulmonary pressure

Driving pressure and mechanical power
Right ventricular considerations

Recruitment / inflation ratio
Electrical impedance tomography
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presence of preexisting lung injury.4 This air can find its way to the pleural space and
subcutaneous tissue, as well as to the mediastinal, pericardial, and vascular spaces.
The incidence of barotrauma appears to be low when alveolar inflation pressures are
kept below 35 cm H2O.5

The parenchymal lung injury and gas distribution associated with ALI/ARDS is het-
erogenic in nature. Using computed tomography of the chest, Gattinoni and
colleagues6 described 3 general lung “regions”: a region of normal lung tissue,
primarily in the nondependent areas; a region of densely consolidated, fluid-filled, or
atelectatic tissue, primarily in the dependent areas; and a region that is collapsed
during expiration but recruitable during inspiration. In severe ARDS, the healthy lung
areas that receive most of the tidal ventilation may be reduced to one-third of normal
or more, resulting in the term “baby lung” to describe the adult ARDS lung.6

The mammalian lung is maximally inflated to total lung capacity at a transpulmonary
pressure of 30 to 35 cm H2O. Animal studies have demonstrated that regional overin-
flation can result in a stretch injury (volutrauma), which does not manifest as an air leak
but rather as diffuse alveolar damage, similar to what is seen in ARDS.7–9 This injury is
most likely to occur in the normal lung regions, as delivered volume goes to the area of
least resistance and elastance. Injury can also occur when lung units are allowed to
repeatedly open and collapse with tidal ventilation (atelectrauma).9 Both volutrauma
and atelectrauma can trigger release of inflammatory mediators and bacterial translo-
cation, which may incite end-organ failure (biotrauma) and possibly increased
mortality.10–13

LUNG PROTECTIVE VENTILATION

Protecting the lung from injury is a balancing act between opening and maintaining
patency of as many lung units as possible to support oxygenation while ventilating
(stretching) the lung units as gently as possible to support carbon dioxide removal
and blood pH balance. Fig. 1 shows the inflation and deflation pressure-volume
(PV) relationship of an ARDS lung.14 Initially modest pressure is required to overcome
the critical opening pressure of lung units and allow volume to inflate the lung. As pres-
sure continues to be applied the slope of the inflation curve becomes steeper,

Fig. 1. Pressure-volume curve derived from a patient with ARDS. FRC, functional residual
capacity; LIP, lower inflection point; UIP, upper inflection point. (Adapted from Whitehead T,
Slutsky AS. The pulmonary physician in critical care, 7: ventilator induced lung injury. Thorax
2002;57:636; with permission.)
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Setting PEEP in ARDS

• Limitations
– Starting at LIP, progressive recruitment occurs…  When to stop?

• PMC or MH?
– Recruitment occurs past UIP

• Significance?
– PV curve influenced by altered chest wall compliance

• Elevated pleural and abdominal pressures
– Time consuming

• Constant Slow-flow (< 10L/min)
• Pressure-step changes

– Patient must be sedated and passive
– Important inter-observer variability in finding LIP and UIP

• Up to 11 cmH2O according to some studies
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to decrease and may not indicate whether the lungs
starts to collapse (13, 16–19). In fact, PMC is located
at rather high pressures in normal lungs with no
collapse tendency (19). We believe that both the
inspiratory and expiratory limbs of the static PV
loop should be considered when setting PEEP. In
the ALI/ARDS lung the inspiratory limb of the
loop probably mainly represents recruitment
and increase in volume of aerated lung units and
the expiratory limb represents derecruitment and
decrease in volume of open lung units (16, 17).
Thus the vertical distance between the inspiratory
and the expiratory limbs, i.e., volume hysteresis, at
a specific pressure might indicate the recruited
lung volume (and the inflation of the recruited
lung units) at this pressure (20, 21). This implies
that the maximal hysteresis (MH) probably indi-
cates the pressure at which the volume gained by
recruitment still dominates over the volume lost by
derecruitment, and that this pressure after a lung
recruitment maneuver (mimicking the inflation
limb) is a reasonable choice for setting of PEEP
(Fig. 1). Because derecruitment is both time and
pressure dependent, we believe that setting PEEP
at a somewhat lower pressure would be adequate
(22, 23). Thus, during the ventilatory cycle the airway
pressure is always maintained above PEEP during
the inspiratory phase and therefore the lungs could
collapse only during the expiratory phase. How-
ever, because lung collapse is time dependent, e.g.
in a surfactant depleted lung the time constant for
collapse is 16 s, we assumed that even if PEEP is set
somewhat below the pressure at MH, the expira-

tory time would not be long enough to allow
collapse during continuous ventilation (22).

Therefore, we hypothesized that PEEP set at the
lower pressure where hysteresis is 90% of MH
(90%MH) would give similar oxygenation but
lower airway pressures, lower PaCO2, and less
overinflation than PEEP set at LIP or PMC. In
patients with ALI/ARDS, lung injury varies from
mild to severe (4, 7). To mimic this situation we
aimed to test whether the method would be valid
in a spectrum from mild to severe lung injury using
three lung injury models.

Methods

This study was approved by the Danish National
Animal Ethics Committee.

Twelve pigs, 17–22 kg, were premedicated with
midazolam 10 mg intramuscularly (i.m.), azaper-
one 80 mg i.m., and atropine 1 mg i.m. Anesthesia
was induced with ketamine 2 mg/kg intravenously
(i.v.) and fentanyl 5mg/kg i.v. and maintained with
ketamine 10 mg/kg/h, fentanyl 5 mg/kg/h, propo-
fol 2 mg/kg/h, and pancuronium 0.25 mg/kg/h.

The trachea was intubated (Portex tube, ID 5.5 mm;
Smiths Medical, London, UK), and the lungs were
volume-controlled ventilated with a Servo 900C
(Siemens-Elema, Solna, Sweden) with tidal volume
(VT) 8 ml/kg, inspiratory/expiratory ratio (I/E)
1 : 1, initial respiratory rate 12 breaths/min (ad-
justed before the main experiment to 20–30/min
to achieve an arterial pH of 7.4), and fraction of
inspired oxygen 0.5. PEEP was initially set at
5 cmH2O. Apparatus dead space was 14 ml.

A catheter was placed in the right common carotid
artery for continuous monitoring of the mean arterial
blood pressure (MAP) and for sampling of blood for
analysis of PaO2, PaCO2 and pH (ABL 710, Radio-
meter, Copenhagen, Denmark). A Swan-Ganz cathe-
ter (CCO mbo CCO/SvO2 7.5 French; Edwards
Lifescience, Irvine, CA) was introduced via the right
external jugular vein for measuring mean pulmonary
artery pressure (MPAP) and cardiac output (CO)
(Vigilance, Edwards Lifesciences, Irvine, CA, USA).
CO was measured by thermodilution using 10 ml of
ice-cold saline injected into the right atrium. The mean
of two measurements is presented. A central venous
catheter was placed in the right internal jugular vein.

Twenty milliliter per kilogram of Ringer acetate
was infused during the first hour and 10 ml/kg/h
for the rest of the experiment. Before the main
experiment was initiated 20–30 ml/kg of dextran

Fig. 1. A pressure–volume loop from an animal after lung lavage.
The methods for obtaining lower inflexion point (LIP), point of
maximum curvature (PMC) and 90% of maximal hysteresis
(90%MH) are depicted.

J. Koefoed-Nielsen et al.
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Transpulmonary Pressure
• Paw ≠ transpulmonary pressure (PL)

– Increase in chest wall elastance (oedema, kyphoscoliosis, abdominal hypertension)
– Right shift in pressure-volume curve (obesity)
– Resultant increase in airway pressure without an increase in lung stress
– Inadequate PEEP to achieve lung recruitment (because of concerns about high airway plateau pressure)

• PL = pressure gradient from the airway to the pleural space
– PL = Paw – Ppl
– More accurate reflection of the stress on the lung parenchyma, independent of the chest wall
– End-inspiratory PL vs. standard plateau pressure

• PLplat within tolerable limits (< 25?)  = consider exceeding conventional airway plateau pressure limits
– End-expiratory PL in positive range (0-10 cmH2O)

• Adjust PEEP accordingly to prevent cyclic alveolar collapse

Pierre-Marc Chagnon MD FRCPC
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Mechanical Ventilation Guided by Esophageal Pressure  
in Acute Lung Injury
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Background
Survival of patients with acute lung injury or the acute respiratory distress syndrome 
(ARDS) has been improved by ventilation with small tidal volumes and the use of 
positive end-expiratory pressure (PEEP); however, the optimal level of PEEP has been 
difficult to determine. In this pilot study, we estimated transpulmonary pressure 
with the use of esophageal balloon catheters. We reasoned that the use of pleural-
pressure measurements, despite the technical limitations to the accuracy of such 
measurements, would enable us to find a PEEP value that could maintain oxygenation 
while preventing lung injury due to repeated alveolar collapse or overdistention.

Methods
We randomly assigned patients with acute lung injury or ARDS to undergo mechani-
cal ventilation with PEEP adjusted according to measurements of esophageal pressure 
(the esophageal-pressure–guided group) or according to the Acute Respiratory Dis-
tress Syndrome Network standard-of-care recommendations (the control group). 
The primary end point was improvement in oxygenation. The secondary end points 
included respiratory-system compliance and patient outcomes.

Results
The study reached its stopping criterion and was terminated after 61 patients had 
been enrolled. The ratio of the partial pressure of arterial oxygen to the fraction of 
inspired oxygen at 72 hours was 88 mm Hg higher in the esophageal-pressure–
guided group than in the control group (95% confidence interval, 78.1 to 98.3; 
P = 0.002). This effect was persistent over the entire follow-up time (at 24, 48, and 72 
hours; P = 0.001 by repeated-measures analysis of variance). Respiratory-system com-
pliance was also significantly better at 24, 48, and 72 hours in the esophageal-
pressure–guided group (P = 0.01 by repeated-measures analysis of variance).

Conclusions
As compared with the current standard of care, a ventilator strategy using esophageal 
pressures to estimate the transpulmonary pressure significantly improves oxygen-
ation and compliance. Multicenter clinical trials are needed to determine whether this 
approach should be widely adopted. (ClinicalTrials.gov number, NCT00127491.)
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Effect of Titrating Positive End-Expiratory Pressure (PEEP)
With an Esophageal Pressure–Guided Strategy vs an Empirical
High PEEP-FIO2 Strategy on Death and Days Free From
Mechanical Ventilation Among Patients With Acute
Respiratory Distress Syndrome
A Randomized Clinical Trial
Jeremy R. Beitler, MD, MPH; Todd Sarge, MD; Valerie M. Banner-Goodspeed, MPH; Michelle N. Gong, MD, MSc; Deborah Cook, MD;
Victor Novack, MD, PhD; Stephen H. Loring, MD; Daniel Talmor, MD, MPH; for the EPVent-2 Study Group

IMPORTANCE Adjusting positive end-expiratory pressure (PEEP) to offset pleural pressure might
attenuate lung injury and improve patient outcomes in acute respiratory distress syndrome (ARDS).

OBJECTIVE To determine whether PEEP titration guided by esophageal pressure (PES), an
estimate of pleural pressure, was more effective than empirical high PEEP–fraction of inspired
oxygen (FIO2) in moderate to severe ARDS.

DESIGN, SETTING, AND PARTICIPANTS Phase 2 randomized clinical trial conducted at 14
hospitals in North America. Two hundred mechanically ventilated patients aged 16 years and
older with moderate to severe ARDS (PaO2:FIO2 !200 mm Hg) were enrolled between
October 31, 2012, and September 14, 2017; long-term follow-up was completed July 30, 2018.

INTERVENTIONS Participants were randomized to PES-guided PEEP (n = 102) or empirical
high PEEP-FIO2 (n = 98). All participants received low tidal volumes.

MAIN OUTCOMES AND MEASURES The primary outcome was a ranked composite score
incorporating death and days free from mechanical ventilation among survivors through day
28. Prespecified secondary outcomes included 28-day mortality, days free from mechanical
ventilation among survivors, and need for rescue therapy.

RESULTS Two hundred patients were enrolled (mean [SD] age, 56 [16] years; 46% female) and
completed 28-day follow-up. The primary composite end point was not significantly different
between treatment groups (probability of more favorable outcome with PES-guided PEEP: 49.6%
[95% CI, 41.7% to 57.5%]; P = .92). At 28 days, 33 of 102 patients (32.4%) assigned to PES-guided
PEEP and 30 of 98 patients (30.6%) assigned to empirical PEEP-FIO2 died (risk difference,
1.7% [95% CI, −11.1% to 14.6%]; P = .88). Days free from mechanical ventilation among survivors
was not significantly different (median [interquartile range]: 22 [15-24] vs 21 [16.5-24] days;
median difference, 0 [95% CI, −1 to 2] days; P = .85). Patients assigned to PES-guided PEEP were
significantly less likely to receive rescue therapy (4/102 [3.9%] vs 12/98 [12.2%]; risk difference,
−8.3% [95% CI, −15.8% to −0.8%]; P = .04). None of the 7 other prespecified secondary clinical
end points were significantly different. Adverse events included gross barotrauma, which
occurred in 6 patients with PES-guided PEEP and 5 patients with empirical PEEP-FIO2.

CONCLUSIONS AND RELEVANCE Among patients with moderate to severe ARDS, PES-guided PEEP,
compared with empirical high PEEP-FIO2, resulted in no significant difference in death and days free
from mechanical ventilation. These findings do not support PES-guided PEEP titration in ARDS.

TRIAL REGISTRATION ClinicalTrials.gov Identifier NCT01681225

JAMA. 2019;321(9):846-857. doi:10.1001/jama.2019.0555
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DRIVING PRESSURE

• Normalizing VT to Crs and using the ratio as an index indicating the 
‘functional’ size of the lungs
– ΔPel,rs = ΔV X Ers => ΔP = Vt / Crs
– Crs directly related to the size of the lung participating in ventilation
– Thus ΔP describes the relationship between Vt and the lung volume available to receive 

a breath (size of tidal volume in relation to the aerated lung)
– In patients not making any respiratory efforts => ΔP = Pplat – PEEPtot

• May better reflect mechanical power and thus pulmonary stress and strain
– ΔP = amount of cyclic parenchymal deformation imposed on opened lung units

Pierre-Marc Chagnon MD FRCPC



DRIVING PRESSURE

• Decreasing ΔP via
– Decrease in Vt
– Increase in Crs (via increased PEEP)

• For a constant Vt, titrating PEEP to minimize ΔP is equivalent to titrating 
PEEP to maximize Crs

• Evaluation of lung recruitability?
– Decreased ΔP vs. increased PEEP

• Prognostic marker?

Pierre-Marc Chagnon MD FRCPC



• NEJM 2015, 372 (8), p. 747

• Can a change in ΔP resulting from a specific change in ventilator settings be 
linked to survival?
– Better predictor of outcome?

Pierre-Marc Chagnon MD FRCPC
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BACKGROUND
Mechanical-ventilation strategies that use lower end-inspiratory (plateau) airway 
pressures, lower tidal volumes (VT), and higher positive end-expiratory pressures 
(PEEPs) can improve survival in patients with the acute respiratory distress syndrome 
(ARDS), but the relative importance of each of these components is uncertain. 
Because respiratory-system compliance (CRS) is strongly related to the volume of 
aerated remaining functional lung during disease (termed functional lung size), 
we hypothesized that driving pressure (∆P = VT/CRS), in which VT is intrinsically nor-
malized to functional lung size (instead of predicted lung size in healthy persons), 
would be an index more strongly associated with survival than VT or PEEP in patients 
who are not actively breathing.

METHODS
Using a statistical tool known as multilevel mediation analysis to analyze individual 
data from 3562 patients with ARDS enrolled in nine previously reported randomized 
trials, we examined ∆P as an independent variable associated with survival. In the 
mediation analysis, we estimated the isolated effects of changes in ∆P resulting 
from randomized ventilator settings while minimizing confounding due to the 
baseline severity of lung disease.

RESULTS
Among ventilation variables, ∆P was most strongly associated with survival. A 1-SD 
increment in ∆P (approximately 7 cm of water) was associated with increased 
mortality (relative risk, 1.41; 95% confidence interval [CI], 1.31 to 1.51; P<0.001), 
even in patients receiving “protective” plateau pressures and VT (relative risk, 1.36; 
95% CI, 1.17 to 1.58; P<0.001). Individual changes in VT or PEEP after randomiza-
tion were not independently associated with survival; they were associated only if 
they were among the changes that led to reductions in ∆P (mediation effects of ∆P, 
P = 0.004 and P = 0.001, respectively).

CONCLUSIONS
We found that ∆P was the ventilation variable that best stratified risk. Decreases 
in ∆P owing to changes in ventilator settings were strongly associated with increased 
survival. (Funded by Fundação de Amparo e Pesquisa do Estado de São Paulo and 
others.)
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Driving Pressure and Survival in ARDS

VT and survival or between VT and barotrauma 
only when we scaled VT to individual CRS values 
(∆P = VT/CRS) (Fig. S5 in the Supplementary Ap-
pendix). This scaling has a strong physiological 
basis. In patients with ARDS, CRS is directly re-
lated to functional lung size (the volume of aer-
ated lung available for tidal ventilation).17,18 These 
observations suggest that the aerated lung in a 
patient with ARDS is not “stiff” but is small, 
with nearly normal specific compliance (compli-
ance per unit of lung volume) in preserved areas.

The rationale underlying our mediation anal-
ysis was that ∆P was the surrogate for cyclic 
lung strain that was most accessible and easiest 
to calculate27; ∆P is defined as the amount of 
cyclic parenchymal deformation imposed on 
ventilated, preserved lung units. We also postu-
lated that cyclic strain predicts lung injury better 
than VT. Implicitly, we hypothesized that the 
functional lung size during disease is better 
quantified by CRS than by predicted body weight. 
Under such conditions, especially when CRS var-
ies considerably among patients, cyclic strain, 
ventilator-induced lung injury, and survival 
should all be correlated with ∆P rather than 
with VT.

Although this mediation analysis cannot es-
tablish causality, experimental studies provide a 
plausible link between ∆P and ventilator-induced 
lung injury. Many studies suggest that cell and 
tissue damage are more closely related to the 
amplitude of cyclic stretch than to the maximal 
level of stretch — that is, lung tissue can undergo 
sustained stretching without damage.5,7,8,27-30

Our study has a number of limitations. First, 
our conclusions are valid only for ventilation in 
which the patient is not making respiratory ef-
forts. It is difficult to interpret ∆P in actively 
breathing patients. Second, we studied a rela-
tively narrow range of variables. Thus, extrapola-
tions to patients with plateau pressures greater 
than 40 cm of water, PEEPs less than 5 cm of 
water, or respiratory rates greater than 35 breaths 
per minute are not warranted. Finally, we did not 
directly estimate the cyclic gradient of pressures 
across the lung (transpulmonary ∆P), which is 
the probable effector of parenchymal injury. Be-
cause a large fraction of ∆P is typically applied 
to inflate the lung in patients with severe ARDS, 
∆P was probably a reasonable surrogate for trans-
pulmonary ∆P. However, this approach may not 

be relevant to patients with extremely low chest-
wall compliances.22,31

The Acute Respiratory Distress Syndrome 
Network (ARDSNet) trial2 is often viewed as 
showing that low VT values per se decrease mor-
tality from ARDS. However, our analyses sug-
gest that the efficacy of this strategy is also 
critically dependent on other components of the 
lung-protective bundle (e.g., plateau-pressure lim-
itation, respiratory-rate modification, and hyper-
capnia). For example, when low VT values were 
introduced into the lung, improved survival was 
observed only when large changes in ∆P (the 
dependent variable during volume control) were 
avoided.

Our findings might also explain why studies 
of higher PEEPs did not show consistent survival 
benefits4,10-12; PEEP increments might be protec-
tive only when the increased PEEP values result 
in a change in lung mechanics so that the same 
V

T
 can be delivered with a lower ∆P. This hypoth-

Figure 2. Relative Risk of Death in the Hospital versus ∆P in the Combined 
Cohort after Multivariate Adjustment.

The combined cohort (with 1249 death events) was partitioned into 15 
quantiles of ∆P, and the relative risk for each quantile was calculated in 
relation to the mean risk of the combined population (assumed to be 1). 
The mean risk and 95% confidence intervals (error bars) for each percen-
tile were calculated after multivariate adjustment at the patient level (Cox 
proportional-hazards model) for the five covariates (trial, age, risk of death 
according to APACHE or SAPS, arterial pH at entry, and PaO2:FIO2 at entry) 
specified in model 1. The gray zone represents the 95% confidence interval 
for the Cox regression (dashed line) across the whole population when ∆P 
is considered as a continuous variable.

M
ul

tiv
ar

ia
te

 R
el

at
iv

e 
Ri

sk
of

 D
ea

th
 in

 th
e 

H
os

pi
ta

l

2.5

1.5

2.0

1.0

0.5

0.0
5 10 15 20 25 35

∆P (cm of water)

P<0.001

Median VT 
(10th–90th percentile) —
mg/kg of predicted
body weight

30

6.0 (5.9–7.5) 6.1 (5.8–9.2) 8.0 (5.7–12.1)

The New England Journal of Medicine 
Downloaded from nejm.org by PIERRE-MARC CHAGNON on February 21, 2015. For personal use only. No other uses without permission. 

 Copyright © 2015 Massachusetts Medical Society. All rights reserved. 



Pierre-Marc Chagnon MD FRCPC

n engl j med 372;8 nejm.org February 19, 2015752

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

adjusted for the effect of underlying lung disease 
on the mechanical characteristics of the lung, 
that ∆P was a critical mediator of the benefits of 
various interventions. Our analyses indicated 
that reductions in VT or increases in PEEP driven 

by random treatment-group assignment were ben-
eficial only if associated with decreases in ∆P. 
No other ventilation variable had such a mediat-
ing effect.

We identified the striking correlations between 

Figure 1. Relative Risk of Death in the Hospital across Relevant Subsamples after Multivariate Adjustment — Survival Effect of  
Ventilation Pressures.

Using double stratification procedures (obtaining subgroups of patients with matched mean levels for one variable but very different 
mean levels for another ranking variable; see Section III.3 in the Supplementary Appendix for details), we partitioned our data set into 
five distinct subsamples (each including approximately 600 patients with the acute respiratory distress syndrome [ARDS]) and calculat-
ed the relative risk (adjusted mortality) for each subsample in comparison with the mean risk in the combined population. The upper 
stacked-bar diagrams illustrate the mean values for positive end-expiratory pressure (PEEP), plateau pressure, and driving pressure (∆P) 
observed in each subsample. The error bars represent 1 standard deviation. Each resampling (A, B, and C) produced subsamples with 
similar mean values for one ventilator variable but very distinct values for the two other variables. At the bottom, the respective relative 
risks for death in the hospital are shown, calculated for each subsample after multivariate adjustment (at the patient level) for the five 
covariates (trial, age, risk of death according to the Acute Physiology and Chronic Health Evaluation [APACHE] or Simplified Acute Physi-
ology Score [SAPS], arterial pH at entry, and PaO2:FIO2 at entry) specified in model 1. Error bars represent 95% confidence intervals. A 
relative risk of 1 represents the mean risk of the pooled population, which had an adjusted survival rate of 68% at 60 days. Note that a 
lower survival rate was observed among patients with higher ∆P and higher survival was observed among patients with lower ∆P, inde-
pendent of concomitant variations in PEEP and plateau pressure.
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DRIVING PRESSURE

• Higher Vt and plateau pressure associated with increased mortality only if 
higher ΔP

• Protective effect of higher PEEP only if associated with decreased ΔP
• Positive association between ΔP and survival even though all the ventilator 

settings were protective
• Survival benefits in the low Vt trials were proportional to reductions in ΔP
• ΔP thus looks like a critical mediator of the benefits of various interventions
• Future trials could be designed to link ventilator changes to changes in ΔP 
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independently associated with improved hospital sur-
vival, supporting prior findings from an individual patient 
data meta-analysis [12], as well as a preponderance of 
preclinical evidence suggesting benefits with higher PEEP 
particularly in more severe ARDS.

The lack of a relationship between tidal volume and 
outcome in our patients likely reflects the relatively lim-
ited range of tidal volumes used, which was concentrated 
in a range around a median of 7.1 ml/kg. In particular, the 
use of tidal volumes below 6 or above 10 ml/kg PBW was 
relatively low in these patients. In addition, there may be 

a potential confounding effect of the use of lower tidal 
volumes in more severely ill patients, which is difficult 
to fully dissect out in an observational dataset such as 
this. Our data does not imply that tidal volume is unim-
portant, but rather suggests the widespread adoption of 
lower tidal volume ventilation. We know from large well-
conducted prospective randomized clinical trials that 
reducing tidal volume is a key component of protective 
lung ventilation and saves lives [3, 13].

The association between peak, plateau, and driv-
ing pressures and both hospital and ICU outcome also 

Fig. 2 Relationship between lower versus higher tidal volume, PEEP, driving pressure, and plateau pressure and hospital mortality. a There was no 
relationship between lower (<8 ml/kg PBW) versus higher (≥8 ml/kg PBW) tidal volume and hospital mortality in patients with mild, moderate, or 
severe ARDS. b In patients with moderate ARDS, lower PEEP (i.e., PEEP <12 cmH2O) was associated with increased hospital mortality. This was not 
seen in mild or severe ARDS. c In patients with moderate and severe ARDS, higher driving pressure (i.e., ≥14 cmH2O) was associated with increased 
hospital mortality. This was not seen in mild ARDS. d In patients with severe ARDS, higher plateau pressure (i.e., ≥25 cmH2O) was associated with 
increased hospital mortality. This was not seen in mild or moderate ARDS. *P -value  < 0.05, comparison between risks. Mortality is defined as mor-
tality at hospital discharge or at 90 days after onset of AHRF, which ever event occurred first. All clinical independent parameters were measured at 
ARDS onset. Driving pressure analysis confined to patients in whom plateau pressure was measured and in whom there was no evidence of spon-
taneous ventilation (N = 742 patients). All other analyses completed on the entire patient dataset (n = 2377 patients). RR relative risk, CI confidence 
interval
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beds were available [22]. Prior studies also demonstrate 
that a significant proportion of patients that die in hos-
pital following ICU discharge were expected to live at the 
time of ICU discharge [23, 24].

Limitation of life-sustaining therapies or measures
The majority of decisions to limit care were made after 
development of ARDS. Interestingly, survival in the small 
proportion of patient that had a limitation of life-sustain-
ing therapies or measures decision prior to developing 
ARDS was surprisingly high. Less surprising was the fact 
that 86 % of patients in whom decisions to limit care were 

made after the development of ARDS died in hospital. 
Increased age and the presence of active or hematologic 
neoplasm, immune suppression, chronic liver failure, and 
indices of greater illness severity were associated with lim-
itation of life-sustaining therapies or measures, consistent 
with prior findings [25]. Overall, there were similarities 
between the factors associated with patient outcome and 
those associated with limitation of life-sustaining thera-
pies or measures. This may be consistent with the fact that 
death in the ICU not infrequently occurs in the context of 
decisions to limit life-sustaining therapies or measures as 
a result of perceived futility [26, 27].

Fig. 3 Relationship between ventilation parameters and hospital mortality. Robust locally weighted regression and smoothing (LOWESS) plot 
(bandwidth 2/3, 1 degree of polynomial regression) of hospital mortality and plateau pressure (a), driving pressure (b), peak inspiratory pressure 
(c), and PaO2/FiO2 ratio (d) measured on the first day of ARDS onset. Mortality is defined as mortality at hospital discharge or at 90 days after onset 
of AHRF, which ever event occurred first. All clinical independent parameters were measured at ARDS onset. Plateau pressure and driving pressure 
analyses confined to patients in whom plateau pressure was measured and in whom there was no evidence of spontaneous ventilation (N = 742 
patients). All other analyses completed on the entire patient dataset (n = 2377 patients)
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• ICM 2007, 33, p. 444
– Before protective ventilation = acute cor pulmonale (ACP) = frequent and 

associated with a poor prognosis
– ACP rare if Pplat < 27 cmH2O
– Linear relationship between Pplat and ACP incidence
– Pplat > 27 cmH2O + ACP =  increased mortality
– Pplat < 27 => mortality similar whether ACP present or not
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Abstract Objective: Airway pressure
limitation is now a largely accepted
strategy in adult respiratory distress
syndrome (ARDS) patients; however,
some debate persists about the exact
level of plateau pressure which can
be safely used. The objective of the
present study was to examine if the
echocardiographic evaluation of right
ventricular function performed in
ARDS may help to answer to this
question. Design and patients: For
more than 20 years, we have reg-
ularly monitored right ventricular
function by echocardiography in
ARDS patients, during two different
periods, a first (1980–1992) where
airway pressure was not limited, and
a second (1993–2006) where airway
pressure was limited. By pooling our
data, we can observe the effect of
a large range of plateau pressure upon
mortality rate and incidence of acute
cor pulmonale. Results: In this

whole group of 352 ARDS patients,
mortality rate and incidence of cor
pulmonale were 80 and 56%, respec-
tively, when plateau pressure was
> 35 cmH2O; 42 and 32%, respec-
tively, when plateau pressure was
between 27 and 35 cmH2O; and 30
and 13%, respectively, when plateau
pressure was < 27 cmH2O. Moreover,
a clear interaction between plateau
pressure and cor pulmonale was
evidenced: whereas the odd ratio of
dying for an increase in plateau pres-
sure from 18–26 to 27–35 cm H2O in
patients without cor pulmonale was
1.05 (p = 0.635), it was 3.32 in pa-
tients with cor pulmonale (p < 0.034).
Conclusion: We hypothesize that
monitoring of right ventricular func-
tion by echocardiography at bedside
might help to control the safety of
plateau pressure used in ARDS.

Keywords ARDS · plateau pressure

Introduction

In 1970 Mead et al. emphasized the importance of uniform
expansion of air space as a protection against disten-
sion, which is related to transpulmonary pressure [1].
In mechanically ventilated patients, alveolar pressure is
the main determinant of transpulmonary pressure. When
recorded during a period of no flow, tracheal pressure in
a mechanically ventilated patient can be used to measure
alveolar pressure. Since 1975 experimental studies have
focused on the deleterious effects of mechanical venti-
lation, such as pulmonary edema, and in 1985 Dreyfuss
et al. experimentally demonstrated in rats that high

inflation pressure, at a peak airway pressure currently
used by clinicians in ARDS patients, may greatly alter
microvascular permeability [2, 3]. Despite these experi-
mental evidence, airway pressure limitation was proposed
as a respiratory strategy in adult respiratory distress
syndrome (ARDS) patients only in 1990 [4]. When
used above functional residual capacity, application of
a positive pressure to the airways increases pulmonary
vascular resistance [5] and decreases pulmonary blood
flow [6], and these adverse effects can be considered as
the result of airway distension, because pulmonary cap-
illaries, as intra-alveolar vessels, are stressed by alveolar
pressure [7].
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beds were available [22]. Prior studies also demonstrate 
that a significant proportion of patients that die in hos-
pital following ICU discharge were expected to live at the 
time of ICU discharge [23, 24].

Limitation of life-sustaining therapies or measures
The majority of decisions to limit care were made after 
development of ARDS. Interestingly, survival in the small 
proportion of patient that had a limitation of life-sustain-
ing therapies or measures decision prior to developing 
ARDS was surprisingly high. Less surprising was the fact 
that 86 % of patients in whom decisions to limit care were 

made after the development of ARDS died in hospital. 
Increased age and the presence of active or hematologic 
neoplasm, immune suppression, chronic liver failure, and 
indices of greater illness severity were associated with lim-
itation of life-sustaining therapies or measures, consistent 
with prior findings [25]. Overall, there were similarities 
between the factors associated with patient outcome and 
those associated with limitation of life-sustaining thera-
pies or measures. This may be consistent with the fact that 
death in the ICU not infrequently occurs in the context of 
decisions to limit life-sustaining therapies or measures as 
a result of perceived futility [26, 27].

Fig. 3 Relationship between ventilation parameters and hospital mortality. Robust locally weighted regression and smoothing (LOWESS) plot 
(bandwidth 2/3, 1 degree of polynomial regression) of hospital mortality and plateau pressure (a), driving pressure (b), peak inspiratory pressure 
(c), and PaO2/FiO2 ratio (d) measured on the first day of ARDS onset. Mortality is defined as mortality at hospital discharge or at 90 days after onset 
of AHRF, which ever event occurred first. All clinical independent parameters were measured at ARDS onset. Plateau pressure and driving pressure 
analyses confined to patients in whom plateau pressure was measured and in whom there was no evidence of spontaneous ventilation (N = 742 
patients). All other analyses completed on the entire patient dataset (n = 2377 patients)



RV Function and 
Ventilation

• Should we aim for smaller Pplat in the 
presence of ACP?

• If Pplat > 27 and ACP, consider 
decreasing Vt < 6 cc/Kg

• Consider TEE for RV monitoring in 
severe ARDS

• Consider early prone positioning if ACP 
(even if P/F ratio > 150 mmHg?)
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Also, whereas markedly harmful in patients exhibiting
acute cor pulmonale, a plateau pressure between 27 and
35 cm H2O appears less harmful in patients with normal
echocardiographic findings, since mortality is similar than
for a plateau pressure range of 18–26 cm H2O. In patients
without acute cor pulmonale, the OR (95% CI) for an
increase in plateau pressure from 18–26 to 27–35 cm H2O
is 1.15 (range 0.64–2.08; p = 0.635). In patients with acute
cor pulmonale, the OR (95% CI) for an increase in plateau
pressure from 18–26 to 27–35 cm H2O is 3.32 (range
1.09–10.12; p = 0.034), suggesting that the threshold for
a safe plateau pressure depends on the presence or not of
acute cor pulmonale.

Finally, a plateau pressure above 35 cm H2O is asso-
ciated with a high incidence of ACP and a high mortal-
ity rate (Figs. 1, 2). In this group, an additive effect of
plateau pressure and acute cor pulmonale was observed.
In patients without acute cor pulmonale, the OR (95% CI)
for an increase in plateau pressure from 18–35 to more

Fig. 1 Mortality rate and incidence of acute cor pulmonale (ACP) are
plotted against three ranges of plateau pressure (see text). Figures are
the exact number of patients concerned. ∗p < 0.05, when compared
with the preceding range

Fig. 2 Mortality rate is plotted against three ranges of plateau
pressure (see text), after separating patients with normal bedside
echocardiographic findings (normal), and patients exhibiting acute
cor pulmonale (ACP) detected by echocardiography. Figures are the
exact number of patients concerned. ∗p < 0.05, when compared with
the preceding range

than 35 cm H2O is 4.03 (range 1.94–8.36; p = 0.0002). In
patients with acute cor pulmonale, the OR (95% CI) for
an increase in plateau pressure from 18–35 to more than
35 cm H2O is 10.97 (range 3.55–33.85; p < 0.0001).

Discussion
This study has shown that mortality rate and incidence of
ACP markedly increases in ARDS patients above a plateau
of 26 cm H2O. With a plateau pressure between 27 and
35 cm H2O, the mortality rate is markedly increased by the
presence of ACP.

There are several important limitations to this analysis.
By pooling the data of these two periods, we were able
to observe the effect of a large range of plateau pres-
sure, firstly upon mortality rate, and secondly upon the
incidence of acute cor pulmonale. The value of plateau
pressure, however, was not only a result of our therapeutic
strategy since, in both periods, it was also influenced by
the severity of ARDS. This, however, does not invalidate
our comparison, especially on the influence of hemody-
namic findings in each subgroup. The effect of airway
pressure limitation in the second period would tend to
place more severe patients in the low plateau pressure
group, and, conversely, the absence of airway pressure
limitation in the first period would tend to place less
severe patients in the high plateau pressure group. Both
effects would tend to mask the differences. No adjustment
could be made on general severity since our database does
not contain consistent information with the same severity
scores over all these years.

Acute cor pulmonale is present in a minority of patients
(13%) in the case of major airway pressure limitation, and
can probably be mainly attributed to the severity of under-
lying lung disease; however, any responsibility of a pos-
itive airway pressure, which is not physiological, cannot
be ruled out. In these patients, acute cor pulmonale, when
not worsened by aggressive respiratory support, does not
influence mortality, as we have previously reported [20].

The current tendency in ARDS management is to re-
duce tidal volume to a uniform value of 6 ml/kg predicted
body weight in all patients [21]. This strategy, which
produced a marked reduction in plateau pressure, has
been shown to improve prognosis, when compared with
the traditional tidal volume of 12 ml/kg, used throughout
the 1970s and 1980s [21]; however, because we totally
agree with Eichacker’s concept that “one size does not fit
with all” [22], we routinely used an alternative approach,
which adapts tidal volume to the individual size of the
“baby lung,” by adjusting tidal volume based on plateau
pressure [23]. Because a direct reflection of this size is
given by the value of the compliance of the respiratory
system, monitoring of plateau pressure is fundamental in
using this strategy. An advantage of this approach is that
it allows adaptations to extreme conditions. In patients
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BASICS PRINCIPLES OF ELECTRICAL 
IMPEDANCE TOMOGRAPHY

Several EIT devices are commercially available (Swisstom 
BB2 [Swisstom, Landquart, Switzerland], CareFusion 
Goe-MF II [CareFusion, Höchberg, Germany], Timpel 
Enlight [Timpel, São Paulo, Brazil], Maltron Mark 3.5 
[Maltron, Raleigh, United Kingdom], Dixtal Biomedica 
Industria [Manaus, Brazil], Pulmovista 500 [Dräger, 
Lübeck, Germany]), which use 16–32 electrodes to inject 
small electrical currents around the chest (Fig. 2). The 
conduction of these currents is quantified to measure tis-
sue’s resistivity. High tissue resistivity (impedance) yields 
a low electrical signal and vice versa (20).

Impedance is determined by the intrinsic proper-
ties of the tissue where electricity is applied. The lungs 
have 80–85% content of air, which acts as an elec-
trical resistor, increasing impedance (18). Conversely, 

extracellular water serves as a conductor, reducing 
impedance. These physical properties distinguish be-
tween ventilated (high impedance) and nonventilated 
(low impedance) lungs.

After hundreds of electrical currents are applied and 
their resistance through tissue is measured, these sig-
nals are reconstructed into a digital matrix to generate 
a cross-sectional map of lung impedance through the 
respiratory cycle—a ventilation map.

EIT can display a high rate of frames per second, 
allowing a breath-to-breath ventilation assessment. It 
can be synchronized with the mechanical ventilator 
to integrate the preset respiratory cycle and pressures 
into the matrix (21–23). Ventilator-EIT connectivity 
varies depending on the manufacturer and might re-
quire specific modes of ventilation for accurate mea-
surements (20).

Figure 2. Assessment of mechanical ventilation with electrical impedance tomography: patient, ventilator, electrical impedance 
tomography belt, and monitor positioning during positive end-expiratory pressure titration. *Connectivity between electrical impedance 
tomography (EIT) and mechanical ventilator varied depending on manufacturer and model. Image reprinted with permission from 
Dräger (Lübeck, Germany).
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3) Regional ventilation delay (RVD) index: when consid-
ering the time to achieve a desired Vt, areas with low 
compliance and/or high resistance may take longer to 
inflate than those with high compliance/low resistance. 
The RVD index quantifies this heterogeneity in the dis-
tribution of time constants. A gentle slope (prolonged 
RVD) represents a delay in “opening” a noncompliant/
high resistance region. In contrast, a steep curve (short 
RVD) represents the smooth inflation of a compliant/

low-resistance one (54, 55). Although physiologically 
appealing, this method has minimal clinical evidence to 
support its use.

4) Silent spaces: Hypoventilated regions (<10% change in im-
pedance) or “silent spaces” might indicate collapse or over-
distension depending on their localization with respect to the 
CoV (below = collapse or above = overdistension) (56, 57).  
Their reduction at higher PEEP increases homogeneity and 
potentially decreases lung stress.

Figure 3. Overdistension and collapse (ODCL) index in a positive end-expiratory pressure (PEEP) responder. Upper graph: 
changes in impedance (y-axis) throughout a descending PEEP titration protocol (x-axis). Upper panels (Global ΔZ [tidal volume]): 
changes in impedance throughout PEEP titration reveal a loss in dorsal ventilation (region 4) with lower PEEP (derecruitment). 
Lower panels (ODCL): when considering changes in compliance (through the ODCL index), overdistension becomes evident with 
higher PEEP levels (orange shades in regions 1 and 2). Collapse is noted with lower PEEP levels (clear gray shades in region 4). 
Inferior graph: the quantification of overdistension (orange) and collapse (white) is plotted through different PEEP levels. When 
both lines intercept, the minimum collapse with the minimal overdistension is met (red pin). This represents the ideal PEEP (in this 
case, a relatively high one; responder) in which both overdistension and collapse are balanced. Image reprinted with permission 
from Dräger (Lübeck, Germany).
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Perfusion and Ventilation/Perfusion Mismatch

EIT can detect pulmonary blood flow, particularly 
when changes in blood composition increase con-
ductivity. This can aid in identifying ventilation 
and perfusion mismatches using hypertonic saline 
as a “conductive” contrast (58–60). Increasing the 
number of ventilation/perfusion mismatching units 
correlates with mortality (61, 62), and decreasing 

shunt through PEEP increments correlates with 
lung recruitment. However, in some patients with 
COVID-19 ARDS in whom compliance is high/
normal, PEEP increments might lead to blood flow 
diversion to nonaerated regions (63). This technique 
holds promise for circulatory-centered applications 
such as pulmonary embolism diagnosis (64) and car-
diopulmonary monitoring (65); its role in PEEP ti-
tration is uncertain.

Figure 4. Overdistension and collapse (ODCL) index in a positive end-expiratory pressure (PEEP) nonresponder: upper graph: changes 
in impedance (y-axis) throughout a descending PEEP titration protocol (x-axis). Upper panels (Global ΔZ [tidal volume]): changes 
in impedance throughout PEEP titration have no significant impact on ventilation with lower PEEP. Lower panels (ODCL): when 
considering changes in compliance (through the ODCL index), overdistension becomes evident with higher PEEP (orange shades in 
regions 1–4) and progressively diminishes (particularly in ventral regions 1–2) with lower PEEP. Note that collapse is minimum with 
lower PEEP. Inferior graph: the quantification of overdistension (orange) and collapse (white) is plotted through different PEEP levels. 
Lower levels of overdistension (orange numbers) and collapse (white numbers) are met with a PEEP of 9 cm H2O. Image reprinted with 
permission from Dräger (Lübeck, Germany).
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Recruitment / Inflation ratio

• R/I ratio reflects the proportion of volume distributed into the recruited lung to that 
into the baby lung when PEEP is changed (high ∆Vrec for ∆Prec (high – low))
– R/I ratio = Crec to the compliance of the baby lung (Crs) – Crec/Crs
– The lower the R/I ratio, the greater the volume that will be distributed into the already aerated baby lung 

= the greater risk of hyperinflation
– Cut-off value = 0.5

• R/I ratio = new method to titrate PEEP in ARDS
– Indicator for atelectrauma = setting PEEPlow in high recruiters
– Indicator for hyperinflation = setting PEEPhigh in low recruiters

• Setting PEEPhigh greater than AOP is necessary to use the recruitability test
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