ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/Annal SATS.201704-3450T
Page 1 of 34

Mechanical Ventilation in Adults with Acute Respiratory Distress Syndrome: Summary of the
Experimental Evidence for the Clinical Practice Guideline

Lorenzo Del Sorbo®, Ewan C. Goligherl, Daniel F. McAuIeys, Gordon Rubenfeld™, Laurent
Brochard™, Luciano Gattinoni’, Arthur S. SIutskyl'Z, Eddy Fan®,

1Interdepartmental Division of Critical Care Medicine, University of Toronto, Toronto, Canada
’Keenan Research Center at the Li Ka Shing Knowledge Institute of St. Michael’s Hospital,
Toronto, Canada

3 Regional Intensive Care Unit Royal Victoria Hospital and Wellcome-Wolfson Institute for
Experimental Medicine Queen's University of Belfast, Belfast, Northern Ireland

4Program in Trauma, Emergency, and Critical Care, Sunnybrook Health Sciences Center,
Toronto, Ontario, Canada

>Department of Anesthesiology, Emergency and Intensive Care Medicine, University of
Gottingen, Gottingen, Germany

Corresponding Author:

Lorenzo Del Sorbo, MD

Toronto General Hospital

585 University Avenue, PMB 11-122
Toronto, Ontario, Canada

M5G 2N2

Tel: (647) 286-9033

Fax: (647) 776-3148

Email: lorenzo.delsorbo@uhn.ca

Key Words: acute respiratory distress syndrome, mechanical ventilation, ventilator-induced
lung injury, limited pressure and volume ventilation, prone position, high positive end
expiratory pressure, recruitment maneuvers, high frequency oscillatory ventilation,
extracorporeal life support.

Primary Source of Funding: ATS

Word Count: 4,719

Copyright © 2017 by the American Thoracic Society



ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/Annal SATS.201704-3450T
Page 2 of 34

Abstract

Rationale: The ATS/ESICM/SCCM guidelines on mechanical ventilation in adult patients with
acute respiratory distress syndrome provide treatment recommendations derived from a
thorough analysis of the clinical evidence on six clinical interventions. However, each of the
recommendations contains areas of uncertainty and controversy, which may affect their
appropriate clinical application.

Objectives: To provide a critical review of the experimental evidence surrounding the
pathophysiology of ventilator-induced lung injury to help clinicians apply the clinical
recommendations to individual patients.

Methods: Literature search and narrative review.

Results: A large number of experimental studies have been performed to better understand
the pathophysiological effects of mechanical ventilation. These studies have formed the basis
for the design of many clinical trials. Translational research has fundamentally advanced our
understanding of the mechanisms of ventilator-induced lung injury, informing the design of
interventions that improve survival in patients with acute respiratory distress syndrome.
Conclusions: Because daily management of patients with ARDS presents the challenge of
competing considerations, clinicians should consider the mechanism of ventilator-induced lung
injury, and the rationale for interventions designed to mitigate it, when applying evidence-

based recommendations at the bedside.
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Since the first description of the acute respiratory distress syndrome (ARDS) 50 years ago(1),
important advancements in the understanding of this life-threatening form of non-cardiogenic
pulmonary edema have been made, resulting in remarkable improvements in the prognosis of
patients with ARDS. Mortality from ARDS has decreased from greater than 60% in the 1970s to
less than 30% in the most recent studies(2-5). This is largely attributable to the development of
better supportive care and to improvements in the application of mechanical ventilation
(MV)(6-8), which remains the mainstay of treatment for ARDS(9, 10).

Overall, the purpose of MV is to unload the respiratory muscles and provide adequate
gas exchange, while allowing time for lung to recover from the primary injury(9). In the past
few decades the recognition that MV can itself cause injury — ventilator-induced lung injury
(VILI) = has led to a shift in the goals of MV(7). Whereas early on clinicians were titrating MV
settings to achieve normal gas exchange, current supportive efforts are focused on the
prevention of VILI (Figure), while maintaining gas exchange in a range compatible with life(11,
12).

The new guidelines for MV in adult patients with ARDS provide treatment
recommendations derived from a thorough analysis of the clinical evidence on six
interventions. Furthermore, the evidence supporting the ventilatory management of ARDS is
complex—and the marked variability of response to treatment among ARDS patients is widely
recognized. Therefore, a review of the experimental evidence underlying the recommendations
for each of the interventions may provide clinicians with physiological insights (Figure) to help
manage patients with ARDS, particularly in situations in which there are ongoing areas of

uncertainty or controversy.
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Ventilation with Lower Inspiratory Airway Pressure and Tidal Volume

The two main mechanisms of VILI are regional alveolar overdistension (volutrauma) resulting
from pathological levels of stress and strain within the lung, and cyclic airway opening and
closing with tidal ventilation (atelectrauma)(7, 13-15). Stress may be defined as the internal
counterforce that reacts to an external load, and can be clinically estimated as transpulmonary
pressure (P.) - the distending pressure of the lung. Strain, the degree of deformation of an
object relative to its original size, is related to the ratio between tidal volume and end-
expiratory lung volume(15). Hence, for a given tidal volume (V7), the loss of aerated lung in
patients with ARDS due to alveolar consolidation, edema, and atelectasis (“baby lung”)(16)
increases the risk of excessive tidal strain, and hence alveolar overdistension. In addition, lung
cell distension, disruption, and necrosis resulting from the application of excessive stress and
strain may induce a pulmonary and systemic inflammatory response through a complex
interplay between tissue deformation, mechano-transduction, inflammation, and edema(14).
Multiple lines of experimental and clinical evidence have demonstrated the association
between VILI and outcomes in ARDS(14, 17). Therefore, current clinical practice relies on the
application of MV strategies that limit end-inspiratory lung stretch or V1 with the goal of
reducing VILI(12, 18). Indeed, as described in the systematic review and meta-analysis
published in this issue of the journal(19), in patients with ARDS there was a trend toward lower
mortality with protective ventilation, and a significant relationship between the degree of tidal

volume reduction and mortality.
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However, the optimal reduction of airway pressure or V1 to avoid VILI and maximize
survival is not known. In fact, airway plateau pressure (Pplat) and V1 have been shown not to be
good surrogate for alveolar stress and strain(15). Indeed, small V1 at a high positive end-
expiratory pressure (PEEP) may still lead to alveolar overdistention, and a very high Pplat may
not indicate overdistension in a patient with a stiff chest wall(7). Nonetheless, the ARDSNet
strategy of limiting V1 to 6 mL/kg predicted body weight (PBW) and Pplat to 30 cmH,0
improved survival(12), and these are now accepted lung-protective targets for ventilation in
patients with ARDS. Moreover, an experimental study in healthy pigs demonstrated that MV
settings providing a lung strain greater than 1.5-2 caused VILI and led to multi-organ failure(20).

In contrast, other data suggest the absence of clearly identifiable thresholds of stress or
strain that can be applied in every patient to prevent VILI. For example, about a third of
patients with ARDS have CT findings consistent with alveolar overdistension despite being
ventilated with V1 of 6 ml/kg PBW and Pplat<30 cmH,0 (21). Furthermore, a post-hoc analysis
of the ARMA trial showed that higher Pplat on day one was associated with higher
mortality(22). In addition, a recent analysis of individual patient data from nine randomized
controlled trials (RCTs) demonstrated that driving pressure (AP = Pplat - PEEP) was the
ventilatory variable most strongly associated with mortality(18). AP is the ratio between V; and
respiratory system compliance (Cgs), and since Cgs can be considered a surrogate for the volume
of the aerated lung, AP can be interpreted as a marker of lung strain.

Similar levels of stress and strain may cause different degrees of VILI according to
regional lung structure. In particular, the inhomogeneous distribution of alveolar consolidations

throughout the lung parenchyma may result in the localized development of harmful levels of
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stress (23). These inhomogeneities can act as a “stress raisers” converting a safe level of P, for a
homogeneous lung into a locally injurious stress(24). Therefore, the risk of VILI is higher in
patients with greater inhomogeneities; this may account for the association between
inhomogeneities, disease severity, and mortality(23).

Spontaneous breathing may be beneficial (25), as it may improve lung
ventilation/perfusion matching, improve cardiac function, prevent ventilator-induced
diaphragm dysfunction, and lead to reduced sedation requirements and delirium. However, VILI
can be generated in mechanically ventilated ARDS patients during spontaneous breathing due
to high respiratory drive, excessive spontaneous inspiratory efforts, and uneven distribution of
lung stress and strain resulting in regional lung injury (25). During spontaneous breathing in
pressure-targeted or volume-limited modes, even protective MV settings (e.g., Pplat <30
cmH,0) may result in injurious level of P, due to inspiratory effort-induced reduction of pleural
pressure(26).

Experimental studies in injured rabbit lung demonstrated that high spontaneous
inspiratory efforts during MV exacerbate lung injury without modifying Pplat(27, 28). In
addition, a recent study showed that in injured lungs, the negative pleural pressure generated
by diaphragmatic contraction during spontaneous breathing is not uniformly transmitted to the
lung, and is more negative in the dependent regions compared to the non-dependent ones(29).
These local changes in P, cause a pendelluft phenomenon (movement of air from
nondependent to dependent regions without change in Vy), which can result in VILI by inducing
unexpected local overdistension in the dependent lung. Consequently, in paralyzed animals

comparable inflation of the dependent regions of the injured lung required a driving airway
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pressure 3-fold higher than that applied during spontaneous breathing(29). This maldistribution
of P, arises because the injured lung behaves more as a solid than as a liquid(25).

Experimental data also suggest that the marked increase in transvascular pulmonary
pressure (difference between intravascular pressure and pressure outside the vessels) and
blood flow due to negative pleural pressure during spontaneous breathing may exacerbate
pulmonary edema in the injured lung(30, 31). Furthermore, strong spontaneous efforts can
damage the diaphragm, potentially contributing to prolonged MV duration(32). Indeed, a large
RCT demonstrated that in patients with moderate/severe ARDS, early administration of
neuromuscular blocking agents improves 90-day survival(33). Finally, factors such as severity of
lung injury may modify the effect of spontaneous breathing in ARDS, as spontaneous breathing
may actually prevent VILI and improve lung function in mild ARDS(28). Therefore, except for
early severe ARDS, it remains unclear whether prioritising lung-protection by reducing
inspiratory drive and effort results in fewer adverse effects than facilitating minimal sedation
and spontaneous breathing. Better monitoring of patient inspiratory effort level and P, under

MV may assist with clinical decision-making around these issues.

Prone Positioning

Since its introduction in the 1970s as a rescue maneuver for patients with refractory

hypoxemia(34), a large body of clinical and experimental evidence has progressively

demonstrated the benefits of ventilating ARDS patients in the prone position(5, 34-36).

Ultimately, the results of the systematic review and meta-analysis published in this issue of the
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journal demonstrated that prone positioning applied daily for at least 12 hours significantly
reduces mortality among patients with severe ARDS(37).

Approximately two-thirds of ARDS patients that are placed in the prone position
demonstrate improved oxygenation(5, 38) due to an increase in ventilation of well-perfused
lung areas (35, 36). The shift from supine to prone position induces recruitment of the dorsal
lung regions and collapse of the ventral ones(39), whereas the distribution of perfusion does
not change, remaining higher in the dorsal areas(40), resulting in a decrease in pulmonary
shunt fraction(41). This was elegantly demonstrated in an ovine lung injury model (42), using
positron-emission tomography to measure regional distribution of pulmonary perfusion,
aeration, and shunt in the supine and prone positions. Another interesting study in acutely
injured lungs demonstrated that the regional distribution of ventilation-perfusion rations is
more uniform in prone position(43). However, the survival advantage from prone positioning
likely derives from beneficial effect of the prone position on VILI, rather than improvements in
oxygenation(11).

Convincing experimental evidence demonstrated that MV in the prone position is less
injurious than ventilation in the supine position(35, 36, 44-46). In a randomized physiologic
study in 39 ARDS patients, MV in the prone position was associated with a reduced release of
inflammatory mediators in the BAL compared to ventilation in the supine position(47).
Moreover, studies using lung CT scans in ARDS patients consistently demonstrated reduced
alveolar overdistension and increased lung recruitment in the prone position compared to
supine position(44, 48). Prone positioning significantly reduces atelectrauma secondary to cyclic

airway opening and closing, especially in patients with high recruitability receiving higher
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PEEP(44). Perhaps the most important explanation for the reduced risk of VILI in the prone
position may not derive entirely from its effect on alveolar recruitment, but rather from a more
uniform distribution of P, across lung regions(35, 36, 45).

Prone positioning increases chest wall elastance in patients with ARDS due to the
reduced excursion of the sternum in contact with a firm surface (35, 41). This change in the
regional respiratory system mechanical properties affects pleural pressure. In supine humans,
pleural pressure is not uniformly distributed: it is lower in non-dependent regions, resulting in a
more positive P, (49, 50). In a large animal model of pulmonary edema, turning the animal from
the supine to the prone position reduced the gradient in pleural pressure from the non-
dependent regions to the dependent regions(51). The overall effect is a more homogeneous
distribution of P, and regional strain (52).

In addition, the improvement in gas exchange induced by prone position may prevent
the negative hemodynamic issues associated with higher PEEP and airway pressure
application(53). Although left ventricular afterload may increase and splanchnic perfusion may
decrease secondary to the increase of the abdominal pressure, these side effects have rarely
been reported.

Future studies should focus on elucidating the beneficial mechanisms of the delivery of
MV to ARDS patients in the prone position, and should clarify whether prone position-specific

setting of PEEP and the optimization of alveolar recruitment may further reduce VILI.
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High-Frequency Oscillatory Ventilation

High frequency oscillatory ventilation (HFOV) is a modality of MV characterized by the delivery
of pressure oscillations at very high frequencies (3-15 Hz) around a relatively constant mean
airway pressure (mPaw), resulting in very small P, often less than the anatomic dead space (1-
3 mL/kg)(54-56). The application of elevated mPaw may maximize alveolar recruitment while
the delivery of small V1 prevents tidal overdistension, thus overall reducing atelectrauma and
tidal stress and strain(55).

Several experimental animal studies have shown that HFOV reduces VILI compared to
other lung protective MV strategies, while maintaining adequate gas exchange and stable
hemodynamics(55). However, the HFOV settings used in experimental animal studies are
markedly different from those applied clinically(55, 57-61). In particular, the oscillation
frequency is often set at 5 Hz or less in clinical practice (average 4.5 +2.1 Hz)(58), whereas in
experimental conditions are always greater than 6 Hz and often greater than 10 Hz, resulting in
substantially lower delivered V. In addition, the average mPaw reported in clinical studies
during the first hours of HFOV application is 28 £6 cmH,0, whereas in experimental studies is
less than 20 cmH,0 in most reports(55, 58, 60).

Hence, it is challenging to translate these experimental findings into clinical practice,
and it remains unclear whether HFOV can also reduce VILI in patients with ARDS(62). In a
physiologic, randomized investigation in 39 patients with ARDS, HFOV was associated with a
significant increase in BAL inflammatory mediators compared to conventional MV(47).

Moreover, the meta-analysis of 6 RCTs published in this issue of the journal showed that HFOV
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compared to MV with low tidal volumes and high PEEP was not associated with a mortality
benefit in patients with ARDS(63). However, a recent individual patient data meta-analysis
showed that HFOV was associated with a decrease in mortality in patients with severe
ARDS(60).

The reasons for the disconnect between the RCTs and the strong animal data, and early
clinical trials that showed an advantage of HFOV over conventional MV remains unclear. There
are multiple settings during application of HFOV including mPaw, oscillatory pressure
amplitude, frequency of oscillations, bias flow, and inspiratory and expiratory time ratio. The
complex interaction between these parameters and the patient may result in a very limited
therapeutic range where HFOV provides lung protective MV without increasing the risk of
VILI(54, 55).

Given these multiple settings there are two major possible reasons for the negative
results, both related to the high mPaw used: HFOV increased VILI, and/or caused negative
hemodynamic consequences. First, excessive levels of mPaw may lead to high alveolar stress
and strain, whereas if the level is too low the occurrence of atelectasis increases the lung
inhomogeneity and thus the risk of VILI, as demonstrated in a model of neonatal ARDS(64). In
clinical practice, mPaw on HFOV is set according to oxygenation without a direct assessment of
the effect on alveolar recruitment.

Second the high mPaw on HFOV may have compromised venous return and right
ventricular function. In a study of 16 patients with ARDS, HFOV delivered with mPaw up to 15
c¢cmH,0 higher (mean 3313 cmH,0) than the mean airway pressure during conventional MV was

associated with significant worsening of right ventricular function, especially in patients in
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whom HFOV did not result in increased alveolar recruitment, as measured by electrical
impedance tomography (EIT)(65). Moreover, in a large RCT of ARDS patients, which showed a
higher mortality in the HFOV group, vasoactive drugs were used in more patients and for a
longer period of time in the HFOV group than in controls(66).

Studies applying advanced techniques to monitor Vy, lung recruitment, and
overdistension during HFOV may guide the future research on this MV modality. For example,
monitoring P, during HFOV may permit safer titration of mPaw according to lung-distending

pressures.

Higher Positive End-Expiratory Pressure

At its initial description, ARDS was found to respond at least in part to the application of PEEP,
which was described as a “therapeutic trial of apparent value”(1). Loss of lung volume in ARDS
contributes to VILI by a number of potential mechanisms including atelectrauma, impairment of
surfactant function, and regional hypoxia due to alveolar collapse, edema and damage(7, 13,
15, 67). PEEP may reduce VILI by preventing collapse of small airways and maintaining lung
recruitment during expiration(68-72).

In a seminal study(73), lung injury in rats due to MV with high airway pressures (30 or 45
cmH,0) was significantly reduced by adding 10 cmH,0 of PEEP. In this model, PEEP had the
important effects of reducing driving pressure and hence tidal ventilation, and preventing
atelectrauma, thus highlighting the complex interaction between regional alveolar

overdistension and lung volume in determining VILI(6-8, 74). This was further investigated in an
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ex-vivo non-perfused rat lung model in which low V; were delivered with different levels of
PEEP. The application of PEEP below the lower inflection point of the pressure-volume (P-V)
curve markedly increased VILI compared to a strategy using PEEP greater than the inflection
point (75).

The translation of these promising experimental results into clinical practice, however,
remains a considerable challenge(68, 69, 76, 77). Three large RCTs(78-80) failed to demonstrate
decreased mortality using higher PEEP compared with lower PEEP. In these clinical studies,
higher PEEP was set based on lung mechanics or according to oxygenation following a PEEP-
FiO, table. Moreover, the systematic review and meta-analysis published in this issue of the
journal(81), demonstrated that higher PEEP was not associated with decreased mortality in
unselected patients with ARDS, after excluding RCTs that did not use lower tidal volume
ventilation in the control group. However, two other meta-analyses(82, 83) suggested that
higher PEEP might have a positive effect in patients with moderate/severe ARDS, but could be
potentially injurious in mild ARDS.

These negative results can potentially be explained by the heterogeneous response of
patients with ARDS to PEEP(84). When effective, PEEP increases or maintains alveolar
recruitment with consequent reduction of VILI, improvement in gas exchange and improvement
of hemodynamics(85-88). Nonetheless, PEEP can also have detrimental effects causing
excessive end-inspiratory alveolar overdistention with the consequent worsening of
intrapulmonary shunt, dead space, and pulmonary vascular resistance(89-91). Therefore, the
physiological response to PEEP, which has not been included in the design of these RCTs, may

be the major determinant of its impact on outcome.
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In a clinical investigation evaluating lung recruitability in 68 patients with ARDS by
pulmonary CT scanning(84), the portion of recruitable lung was highly variable among patients.
Importantly, patients with greater lung recruitablity had worse oxygenation, higher dead space,
lower compliance, and higher mortality. These results suggest that higher PEEP may have a
beneficial effect only in patients with severe ARDS due to their greater lung recruitability.
Therefore, higher PEEP should ideally be applied only in highly recruitable patients, while lower
PEEP should be avoided in patients with lower recruitability to prevent its injurious effects.
Hence, the degree of lung recruitability may turn out to be a useful guide in setting PEEP in any
individual patient(92).

This hypothesis has been investigated from a physiological perspective in several other
studies. One study applied both lower and higher PEEP to 19 patients with ARDS, in whom lung
recruitability was assessed performing quasi-static P-V curves at the different PEEP levels(93).
In 9 patients, the increase from lower to higher PEEP resulted in more than 150 mL of lung
recruitment and was associated with an increase in oxygenation and lung compliance. In the
other 10 patients with low lung recruitablity, the increase in PEEP caused a reduction of lung
compliance and did not improve oxygenation. A retrospective analysis of two large RCTs on
higher versus lower PEEP in ARDS showed that patients with an improvement in oxygenation
following an increase in PEEP had a lower mortality, suggesting that PEEP-induced lung
recruitment might have a beneficial effect on survival(94).

In a study of 68 ARDS patients, CT scans were used to determine the effect of lung
recruitability on alveolar strain and intratidal airway opening and closing when PEEP was

increased from 5 to 15 cmH,0(95). Higher PEEP levels significantly reduced the amount of lung
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tissue undergoing intratidal airway opening and closing only in patients with higher lung
recruitability, which was independently associated with mortality. In contrast, higher PEEP
induced a similar increase of alveolar strain in patients with high and low recruitability. These
results demonstrate that in patients with high recruitability the protective effect of higher PEEP
on airway opening and closing likely outweighs the risks of overdistension.

The use of esophageal manometry to estimate pleural pressure and titrate PEEP in order
to maintain a positive end-expiratory P. may allow individualization of MV to avoid VILI from
tidal recruitment and tidal overdistension(96). In 61 ARDS patients, those randomized to
esophageal pressure-guided PEEP had significantly better oxygenation and compliance up to 72
hours from randomization as compared to controls (i.e., ARDSNet PEEP-FiO, table).

Future investigations on the effect of PEEP on the interaction between lung volume and
alveolar overdistension and the refinement of means to accurately assess lung recruitability and
overdistension will further inform the design of new clinical trials to identify optimal PEEP

titration strategies in patients with ARDS.

Lung Recruitment Maneuvers

Increasing alveolar recruitment in patients with ARDS has the potential of improving gas
exchange and reducing the risk of VILI by reducing stress and strain and minimizing
atelectrauma(15, 23, 84). These are the clinical goals of the “open-lung approach” in patients
with ARDS (71). One strategy in the open-lung approach is the use of lung recruitment

maneuver (RMs)(97). They are defined as intentional intermittent sustained elevations of high

Copyright © 2017 by the American Thoracic Society



ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/Annal SATS.201704-3450T
Page 16 of 34

airway pressure with the goal of improving gas exchange, increasing compliance and hence
reducing VILI(98, 99).

To be efficacious a RM needs to reach elevated airway pressure resulting in P, higher
than the opening pressure of the collapsed alveoli. The opening pressure of most of the lung
units in patients with ARDS is less than 35 cmH,0(100, 101). However, higher opening pressures
may be observed especially in patients with higher elastance of the chest wall(101, 102). A case
series of patients with early ARDS showed that after RMs with transient airway pressures of 55-
60 cmH,0, less than 5% of the alveolar units remained collapsed(101).

There is marked variability in the response to RMs in patients with ARDS. For example,
(103, 104) one study demonstrated that lung recruitment was achieved in all patients on day 1
of ARDS, whereas patients on day 7, who may have developed alveolar fibroproliferation, did
not have a significant response(102). Other studies confirmed this observation(84, 101).
Indeed, the portion of recruitable lung tissue can vary depending on the cause of ARDS and on
the lung morphology(105, 106). ARDS secondary to severe pneumonia and characterized by
extensive consolidation may not have a significant response to RMs. Patients with early ARDS
and focal distribution of aeration loss had a significant less lung recruitment after a sustained
inflation of 40 cmH,0 for 40 seconds than patients with non-focal morphology (48166 vs.
4174293 mL)(107). Interestingly, a recent study showed that a poor recruitment response to a
sustained inflation maneuver in 42 patients with ARDS was independently associated with high
lung stress and may predict a greater risk of death(108).

Patients responsive to RMs can have a remarkable increase in oxygenation and

compliance(109). In addition, several studies have shown that the duration of these effects is
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maintained only if associated with an increase in PEEP following the RM to avoid collapse(101,
110).

Experimental data show that RMs are associated with a reduced release of pro-
inflammatory mediators and markers of lung injury. A physiologic crossover study of 24 patients
with early moderate/severe ARDS demonstrated that RMs resulted in a significant reduction of
biomarkers of epithelial dysfunction within 1 hour(111). Similarly, in a randomized study on
ARDS, patients treated with RMs and PEEP titration had better oxygenation, higher compliance,
and significantly lower plasma IL-8 and TNF-alpha, compared to controls(110).

Nonetheless, RMs can also cause several complications(99, 112). Indeed, the delivery of
high P_ invariably results in excessive alveolar stress and overdistension of some alveolar units
while others are being recruited. The high intrathoracic pressure, although transient, can result
in barotrauma and hemodynamic compromise.

Different techniques are used to perform RMs(99, 113), but it is unclear if any one
technique is superior to the others. Nonetheless, strategies that use stepwise increases in
airway pressure, compared to sustained inflations, seem to be associated with less
hemodynamic impairment and better lung recruitment(114).

Despite encouraging experimental evidence, clinical evidence has failed to conclusively
demonstrate the efficacy of RMs in improving significant clinical outcomes in patients with
ARDS(109). In fact, the systematic review and meta-analysis published in this issue of the
journal suggests that LRMs may be associated with reduced mortality, although the confidence

in this finding is limited as a result of co-intervention with higher PEEP(115).
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Future studies clarifying the interaction between lung volume and VILI will contribute to

optimize the clinical application of the open-lung approach in ARDS.

Extracorporeal Lung Support (ECLS)

Venovenous extracorporeal membrane oxygenation (VV-ECMO) can provide adequate
oxygenation and carbon dioxide clearance through an artificial lung with minimal or no
contribution from the native respiratory system. Patients with severe ARDS requiring VV-ECMO
are particularly susceptible to VILI because of the severity of lung injury with extensive alveolar
consolidation and very small aerated lung units. In this context, even protective MV settings
may induce excessive regional stress and strain. By providing extracorporeal gas exchange, ECLS
buys time for the lung to heal from the primary disease process, while minimizing VILI(116).
However, there is a paucity of data to support the widespread application of ECLS in patients
with ARDS(117, 118).

Very few studies have been performed to identify optimal MV strategies during VV-
ECMO. In a French observational study of patients with HIN1-associated ARDS supported with
VV-ECMO, a multivariable analysis showed that Pplat during ECMO support was independently
associated with ICU mortality(119). These results were confirmed in a recent individual patient
data meta-analysis of observational studies on VV-ECMO for refractory hypoxemia, showing
that AP was the only mechanical ventilation parameter independently associated with in-

hospital mortality(120).
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There is a general consensus that during VV-ECMO tidal volumes and alveolar distending
pressures should be minimized to mitigate tidal overdistension and cyclic airway opening and
closing. However, it is unknown what is the minimal V; or airway driving pressure required to
maximize survival.

Very few data exist regarding the application of PEEP in patients supported with VV-
ECMO(116). Higher PEEP during VV-ECMO may prevent worsening lung collapse and atelectasis,
which may occur especially when very low tidal volumes are delivered. A multicenter
observational study showed that higher PEEP during the first 3 days of VV-ECMO was
independently associated with lower mortality(121). Another study in patients supported with
VV-ECMO used EIT during a decremental PEEP trial to identify the optimal PEEP, defined as the
best compromise between alveolar overdistension and collapse(122). In most of the patients
recruited in the study, the optimal PEEP was found to be 15 or 10 cmH,0, but never zero or 20
cmH,0.

However, the need to achieve optimal alveolar recruitment with high PEEP is still very
controversial(116, 123). During VV-ECMO alveolar recruitment is no longer required to improve
oxygenation or to reduce the risk of alveolar overdistension. Nonetheless, it may still improve
cardiopulmonary function and facilitate lung healing. However, during VV-ECMO the lung is
perfused with oxygenated blood, which reduces the atelectasis-induced local lung tissue
hypoxia and the consequent pulmonary vasoconstriction. Moreover, there is experimental
evidences showing that atelectatic lung may be less susceptible to inflammation than a partially

recruited lung. In an ex-vivo model of MV in rat, lungs at functional residual capacity ventilated

Copyright © 2017 by the American Thoracic Society



ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/AnnalsATS.201704-3450T

with small tidal volumes had significantly higher concentrations of inflammatory mediators in
the bronchoalveolar lavage than atelectatic lungs(124).

There is also uncertainty regarding the risk of allowing spontaneous breathing during
VV-ECMO(125). The potential control of the respiratory drive and effort by maintaining normal
blood gas tension with the artificial lung may allow a safe switch from controlled to assisted
modalities of MV, which may improve diaphragmatic function, hemodynamics and reduce
sedation requirements. In this regard, two case series showed that the modulation of carbon
dioxide removal by ECMO has a prominent effect on the spontaneous breathing pattern of
patients recovering from ARDS, facilitating reduction of the patient inspiratory drive and effort,
V1, and respiratory rate(126, 127). However, blood gases may not be the sole drivers of
respiratory drive in patients with ARDS.

Nonetheless, generation of excessive P_ and patient-ventilator asynchrony may worsen
during spontaneous breathing especially in patients with very low compliance irrespective of
the normal gas exchange. Indeed, in a patient on VV-ECMO recovering from Pneumocystis
jirovecii infection-induced ARDS, the dynamic lung distending pressure, estimated using
esophageal manometry, was extremely high and approximately 38 cmH,0 despite protective
MV settings(128).

Low flow extracorporeal carbon dioxide removal (ECCO2R) is another promising
extracorporeal modality of respiratory support, whose potential benefit has been suggested by
interesting preclinical and some clinical data(129, 130). Overall, although the application of
ECCO,R has been shown to very effective in facilitating the reduction of V, its use to prevent

VILI and therefore to improve survival requires further investigations.
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Conclusions

A large body of experimental studies has been performed to better understand the
pathophysiological effect of MV and inform the design of clinical trials. This remarkable process
of translational research has greatly contributed to the improvement in survival of patients with

ARDS.

Copyright © 2017 by the American Thoracic Society



ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/Annal SATS.201704-3450T
Page 22 of 34

References

1. Ashbaugh DG, Bigelow DB, Petty TL, Levine BE. Acute respiratory distress in adults. Lancet
1967;2:319-323.

2. Esteban A, Frutos-Vivar F, Muriel A, Ferguson ND, Penuelas O, Abraira V, Raymondos K, Rios
F, Nin N, Apezteguia C, Violi DA, Thille AW, Brochard L, Gonzalez M, Villagomez AJ, Hurtado
J, Davies AR, Du B, Maggiore SM, Pelosi P, Soto L, Tomicic V, D'Empaire G, Matamis D,
Abroug F, Moreno RP, Soares MA, Arabi Y, Sandi F, Jibaja M, Amin P, Koh Y, Kuiper MA,
Bulow HH, Zeggwagh AA, Anzueto A. Evolution of mortality over time in patients receiving
mechanical ventilation. Am J Respir Crit Care Med 2013;188:220-230.

3. PhuaJ, Badia JR, Adhikari NK, Friedrich JO, Fowler RA, Singh JM, Scales DC, Stather DR, Li A,
Jones A, Gattas DJ, Hallett D, Tomlinson G, Stewart TE, Ferguson ND. Has mortality from
acute respiratory distress syndrome decreased over time?: A systematic review. Am J Respir
Crit Care Med 2009;179:220-227.

4. Zapol WM, Snider MT, Hill ID, Fallat RJ, Bartlett RH, Edmunds LH, Morris AH, Peirce EC, 2nd,
Thomas AN, Proctor HJ, Drinker PA, Pratt PC, Bagniewski A, Miller RG, Jr. Extracorporeal
membrane oxygenation in severe acute respiratory failure. A randomized prospective study.
JAMA 1979;242:2193-2196.

5. Guerin C, Reignier J, Richard JC, Beuret P, Gacouin A, Boulain T, Mercier E, Badet M, Mercat
A, Baudin O, Clavel M, Chatellier D, Jaber S, Rosselli S, Mancebo J, Sirodot M, Hilbert G,
Bengler C, Richecoeur J, Gainnier M, Bayle F, Bourdin G, Leray V, Girard R, Baboi L, Ayzac L,
Group PS. Prone positioning in severe acute respiratory distress syndrome. N Engl J Med
2013;368:2159-2168.

6. Dreyfuss D, Hubmayr R. What the concept of vili has taught us about ards management.
Intensive Care Med 2016;42:811-813.

7. Slutsky AS, Ranieri VM. Ventilator-induced lung injury. N Engl J Med 2013;369:2126-2136.

8. Hubmayr RD, Pannu S. Understanding lung protection. Intensive Care Med 2015;41:2184-
2186.

9. Goligher EC, Ferguson ND, Brochard LJ. Clinical challenges in mechanical ventilation. Lancet
2016;387:1856-1866.

10. Brochard L, Slutsky A, Pesenti A. Mechanical ventilation to minimize progression of lung
injury in acute respiratory failure. Am J Respir Crit Care Med 2017;195:438-442.

11. Albert RK, Keniston A, Baboi L, Ayzac L, Guerin C, Proseva I. Prone position-induced
improvement in gas exchange does not predict improved survival in the acute respiratory
distress syndrome. Am J Respir Crit Care Med 2014;189:494-496.

12. Ventilation with lower tidal volumes as compared with traditional tidal volumes for acute
lung injury and the acute respiratory distress syndrome. The acute respiratory distress
syndrome network. N Engl J Med 2000;342:1301-1308.

Copyright © 2017 by the American Thoracic Society



Page 23 of 34

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24,

25.

ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/AnnalsATS.201704-3450T

Dreyfuss D, Saumon G. Ventilator-induced lung injury: Lessons from experimental studies.
Am J Respir Crit Care Med 1998;157:294-323.

Tremblay LN, Slutsky AS. Ventilator-induced lung injury: From the bench to the bedside.
Intensive Care Med 2006;32:24-33.

Chiumello D, Carlesso E, Cadringher P, Caironi P, Valenza F, Polli F, Tallarini F, Cozzi P,
Cressoni M, Colombo A, Marini JJ, Gattinoni L. Lung stress and strain during mechanical
ventilation for acute respiratory distress syndrome. Am J Respir Crit Care Med
2008;178:346-355.

Gattinoni L, Pesenti A. The concept of "baby lung". Intensive Care Med 2005;31:776-784.

Ranieri VM, Suter PM, Tortorella C, De Tullio R, Dayer JM, Brienza A, Bruno F, Slutsky AS.
Effect of mechanical ventilation on inflammatory mediators in patients with acute
respiratory distress syndrome: A randomized controlled trial. JAMA 1999;282:54-61.

Amato MB, Meade MO, Slutsky AS, Brochard L, Costa EL, Schoenfeld DA, Stewart TE, Briel
M, Talmor D, Mercat A, Richard JC, Carvalho CR, Brower RG. Driving pressure and survival in
the acute respiratory distress syndrome. N Engl J Med 2015;372:747-755.

Walkey AlJ, Goligher EC, Del Sorbo L, Hodgson C, Adhikari NK, Wunsch H, Meade MO, Uleryk
E, Hess D, Talmor DS, Thompson BT, Brower RG, Fan E. Low tidal volume versus non-
volume-limited strategies for patients with acute respiratory distress syndrome: A
systematic review and meta-analysis. Ann Am Thorac Soc 2017;in press.

Protti A, Cressoni M, Santini A, Langer T, Mietto C, Febres D, Chierichetti M, Coppola S,
Conte G, Gatti S, Leopardi O, Masson S, Lombardi L, Lazzerini M, Rampoldi E, Cadringher P,
Gattinoni L. Lung stress and strain during mechanical ventilation: Any safe threshold? Am J
Respir Crit Care Med 2011;183:1354-1362.

Terragni PP, Rosboch G, Tealdi A, Corno E, Menaldo E, Davini O, Gandini G, Herrmann P,
Mascia L, Quintel M, Slutsky AS, Gattinoni L, Ranieri VM. Tidal hyperinflation during low
tidal volume ventilation in acute respiratory distress syndrome. Am J Respir Crit Care Med
2007;175:160-166.

Hager DN, Krishnan JA, Hayden DL, Brower RG, Network ACT. Tidal volume reduction in
patients with acute lung injury when plateau pressures are not high. Am J Respir Crit Care
Med 2005;172:1241-1245.

Cressoni M, Cadringher P, Chiurazzi C, Amini M, Gallazzi E, Marino A, Brioni M, Carlesso E,
Chiumello D, Quintel M, Bugedo G, Gattinoni L. Lung inhomogeneity in patients with acute
respiratory distress syndrome. Am J Respir Crit Care Med 2014;189:149-158.

Mead J, Takishima T, Leith D. Stress distribution in lungs: A model of pulmonary elasticity. J
Appl Physiol 1970;28:596-608.

Yoshida T, Fujino Y, Amato MB, Kavanagh BP. Fifty years of research in ards. Spontaneous
breathing during mechanical ventilation - risks, mechanisms & management. Am J Respir
Crit Care Med 2016.

Copyright © 2017 by the American Thoracic Society



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/Annal SATS.201704-3450T
Page 24 of 34

Yoshida T, Nakahashi S, Nakamura MA, Koyama Y, Roldan R, Torsani V, De Santis RR, Gomes
S, Uchiyama A, Amato MB, Kavanagh BP, Fujino Y. Volume controlled ventilation does not
prevent injurious inflation during spontaneous effort. Am J Respir Crit Care Med 2017.

Yoshida T, Uchiyama A, Matsuura N, Mashimo T, Fujino Y. Spontaneous breathing during
lung-protective ventilation in an experimental acute lung injury model: High
transpulmonary pressure associated with strong spontaneous breathing effort may worsen
lung injury. Crit Care Med 2012;40:1578-1585.

Yoshida T, Uchiyama A, Matsuura N, Mashimo T, Fujino Y. The comparison of spontaneous
breathing and muscle paralysis in two different severities of experimental lung injury. Crit
Care Med 2013;41:536-545.

Yoshida T, Torsani V, Gomes S, De Santis RR, Beraldo MA, Costa EL, Tucci MR, Zin WA,
Kavanagh BP, Amato MB. Spontaneous effort causes occult pendelluft during mechanical
ventilation. Am J Respir Crit Care Med 2013;188:1420-1427.

Mauri T, Yoshida T, Bellani G, Goligher EC, Carteaux G, Rittayamai N, Mojoli F, Chiumello D,
Piquilloud L, Grasso S, Jubran A, Laghi F, Magder S, Pesenti A, Loring S, Gattinoni L, Talmor
D, Blanch L, Amato M, Chen L, Brochard L, Mancebo J, Group PLpw. Esophageal and
transpulmonary pressure in the clinical setting: Meaning, usefulness and perspectives.
Intensive Care Med 2016;42:1360-1373.

Kallet RH, Alonso JA, Luce JM, Matthay MA. Exacerbation of acute pulmonary edema during
assisted mechanical ventilation using a low-tidal volume, lung-protective ventilator strategy.
Chest 1999;116:1826-1832.

Goligher EC, Fan E, Herridge MS, Murray A, Vorona S, Brace D, Rittayamai N, Lanys A,
Tomlinson G, Singh JM, Bolz SS, Rubenfeld GD, Kavanagh BP, Brochard LJ, Ferguson ND.
Evolution of diaphragm thickness during mechanical ventilation. Impact of inspiratory
effort. Am J Respir Crit Care Med 2015;192:1080-1088.

Papazian L, Forel JM, Gacouin A, Penot-Ragon C, Perrin G, Loundou A, Jaber S, Arnal M,
Perez D, Seghboyan JM, Constantin JM, Courant P, Lefrant JY, Guerin C, Prat G, Morange S,
Roch A, Investigators AS. Neuromuscular blockers in early acute respiratory distress
syndrome. N Engl J Med 2010;363:1107-1116.

Piehl MA, Brown RS. Use of extreme position changes in acute respiratory failure. Crit Care
Med 1976;4:13-14.

Guerin C, Baboi L, Richard JC. Mechanisms of the effects of prone positioning in acute
respiratory distress syndrome. Intensive Care Med 2014;40:1634-1642.

Gattinoni L, Taccone P, Carlesso E, Marini JJ. Prone position in acute respiratory distress
syndrome. Rationale, indications, and limits. Am J Respir Crit Care Med 2013;188:1286-
1293.

Munshi L, Del Sorbo L, Adhikari NK, Hodgson C, Wunsch H, Meade MO, Uleryk E, Mancebo J,
Pesenti A, Ranieri VM, Fan E. Prone position for acute respiratory distress syndrome: A
systematic review and meta-analysis

Copyright © 2017 by the American Thoracic Society



Page 25 of 34

ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/AnnalsATS.201704-3450T

. Ann Am Thorac Soc 2017;in press.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Sud S, Friedrich JO, Taccone P, Polli F, Adhikari NK, Latini R, Pesenti A, Guerin C, Mancebo J,
Curley MA, Fernandez R, Chan MC, Beuret P, Voggenreiter G, Sud M, Tognoni G, Gattinoni L.
Prone ventilation reduces mortality in patients with acute respiratory failure and severe
hypoxemia: Systematic review and meta-analysis. Intensive Care Med 2010;36:585-599.

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

Richard JC, Janier M, Lavenne F, Berthier V, Lebars D, Annat G, Decailliot F, Guerin C. Effect
of position, nitric oxide, and almitrine on lung perfusion in a porcine model of acute lung
injury. J Appl Physiol (1985) 2002;93:2181-2191.

Pelosi P, Tubiolo D, Mascheroni D, Vicardi P, Crotti S, Valenza F, Gattinoni L. Effects of the
prone position on respiratory mechanics and gas exchange during acute lung injury. Am J
Respir Crit Care Med 1998;157:387-393.

Richter T, Bellani G, Scott Harris R, Vidal Melo MF, Winkler T, Venegas JG, Musch G. Effect of
prone position on regional shunt, aeration, and perfusion in experimental acute lung injury.
Am J Respir Crit Care Med 2005;172:480-487.

Henderson AC, Sa RC, Theilmann RJ, Buxton RB, Prisk GK, Hopkins SR. The gravitational
distribution of ventilation-perfusion ratio is more uniform in prone than supine posture in
the normal human lung. J Appl Physiol (1985) 2013;115:313-324.

Cornejo RA, Diaz JC, Tobar EA, Bruhn AR, Ramos CA, Gonzalez RA, Repetto CA, Romero CM,
Galvez LR, Llanos O, Arellano DH, Neira WR, Diaz GA, Zamorano AlJ, Pereira GL. Effects of
prone positioning on lung protection in patients with acute respiratory distress syndrome.
Am J Respir Crit Care Med 2013;188:440-448.

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

Valenza F, Guglielmi M, Maffioletti M, Tedesco C, Maccagni P, Fossali T, Aletti G, Porro GA,
Irace M, Carlesso E, Carboni N, Lazzerini M, Gattinoni L. Prone position delays the
progression of ventilator-induced lung injury in rats: Does lung strain distribution play a
role? Crit Care Med 2005;33:361-367.

Papazian L, Gainnier M, Marin V, Donati S, Arnal JM, Demory D, Roch A, Forel JM, Bongrand
P, Bregeon F, Sainty JM. Comparison of prone positioning and high-frequency oscillatory
ventilation in patients with acute respiratory distress syndrome. Crit Care Med
2005;33:2162-2171.

Galiatsou E, Kostanti E, Svarna E, Kitsakos A, Koulouras V, Efremidis SC, Nakos G. Prone
position augments recruitment and prevents alveolar overinflation in acute lung injury. Am J
Respir Crit Care Med 2006;174:187-197.

Copyright © 2017 by the American Thoracic Society



49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/AnnalsATS.201704-3450T

Kaneko K, Milic-Emili J, Dolovich MB, Dawson A, Bates DV. Regional distribution of
ventilation and perfusion as a function of body position. J App/ Physiol 1966;21:767-777.

Milic-Emili J, Mead J, Turner JM. Topography of esophageal pressure as a function of
posture in man. J Appl Physiol 1964;19:212-216.

Mutoh T, Guest RJ, Lamm WJ, Albert RK. Prone position alters the effect of volume overload
on regional pleural pressures and improves hypoxemia in pigs in vivo. Am Rev Respir Dis
1992;146:300-306.

Perchiazzi G, Rylander C, Vena A, Derosa S, Polieri D, Fiore T, Giuliani R, Hedenstierna G.
Lung regional stress and strain as a function of posture and ventilatory mode. J Appl Physiol
(1985) 2011;110:1374-1383.

Vieillard-Baron A, Charron C, Caille V, Belliard G, Page B, Jardin F. Prone positioning unloads
the right ventricle in severe ards. Chest 2007;132:1440-1446.

Goffi A, Ferguson ND. High-frequency oscillatory ventilation for early acute respiratory
distress syndrome in adults. Curr Opin Crit Care 2014;20:77-85.

Imai Y, Slutsky AS. High-frequency oscillatory ventilation and ventilator-induced lung injury.
Crit Care Med 2005;33:5129-134.

Maclntyre NR. High-frequency ventilation. Semin Respir Crit Care Med 2000;21:167-173.

Kacmarek RM, Malhotra A. High-frequency oscillatory ventilation: What large-animal
studies have taught us! Crit Care Med 2005;33:5148-154.

Adhikari NK, Bashir A, Lamontagne F, Mehta S, Ferguson ND, Zhou Q, Hand L, Czarnecka K,
Cook DJ, Granton JT, Friedrich JO, Freitag A, Watpool |, Meade MO. High-frequency
oscillation in adults: A utilization review. Crit Care Med 2011;39:2631-2644.

Ferguson N, Slutsky A. Last word on point:Counterpoint: High-frequency ventilation is/is not
the optimal physiological approach to ventilate ards patients. J App! Physiol (1985)
2008;104:1240.

Meade MO, Young D, Hanna S, Zhou Q, Bachman TE, Bollen C, Slutsky AS, Lamb SE, Adhikari
NK, Mentzelopoulos SD, Cook DJ, Sud S, Brower RG, Thompson BT, Shah S, Stenzler A,
Guyatt G, Ferguson ND. Severity of hypoxemia and effect of high frequency oscillatory
ventilation in ards. Am J Respir Crit Care Med 2017.

Sud S, Sud M, Friedrich JO, Wunsch H, Meade MO, Ferguson ND, Adhikari NK. High-
frequency oscillatory ventilation versus conventional ventilation for acute respiratory
distress syndrome. Cochrane Database Syst Rev 2016;4:CD004085.

Dreyfuss D, Ricard JD, Gaudry S. Did studies on hfov fail to improve ards survival because
they did not decrease vili? On the potential validity of a physiological concept enounced
several decades ago. Intensive Care Med 2015;41:2076-2086.

Goligher EC, Munshi L, Adhikari NK, Meade MO, Hodgson C, Wunsch H, Uleryk E, Gajic O,
Amato M, Ferguson ND, Rubenfeld GD, Fan E. High frequency oscillation for adult patients

Copyright © 2017 by the American Thoracic Society

Page 26 of 34



Page 27 of 34

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/AnnalsATS.201704-3450T

with acute respiratory distress syndrome: A systematic review and meta-analysis. Ann Am
Thorac Soc 2017;in press.

Venegas JG, Fredberg JJ. Understanding the pressure cost of ventilation: Why does high-
frequency ventilation work? Crit Care Med 1994;22:549-57.

Guervilly C, Forel JM, Hraiech S, Demory D, Allardet-Servent J, Adda M, Barreau-Baumstark
K, Castanier M, Papazian L, Roch A. Right ventricular function during high-frequency
oscillatory ventilation in adults with acute respiratory distress syndrome. Crit Care Med
2012;40:1539-1545.

Ferguson ND, Cook DJ, Guyatt GH, Mehta S, Hand L, Austin P, Zhou Q, Matte A, Walter SD,
Lamontagne F, Granton JT, Arabi YM, Arroliga AC, Stewart TE, Slutsky AS, Meade MO,
Investigators OT, Canadian Critical Care Trials G. High-frequency oscillation in early acute
respiratory distress syndrome. N Engl J Med 2013;368:795-805.

Slutsky AS. Lung injury caused by mechanical ventilation. Chest 1999;116:9S-15S.

Guerin C. The preventive role of higher peep in treating severely hypoxemic ards. Minerva
Anestesiol 2011;77:835-845.

Rouby JJ, Lu Q, Goldstein I. Selecting the right level of positive end-expiratory pressure in
patients with acute respiratory distress syndrome. Am J Respir Crit Care Med
2002;165:1182-1186.

Hubmayr RD. Perspective on lung injury and recruitment: A skeptical look at the opening
and collapse story. Am J Respir Crit Care Med 2002;165:1647-1653.

Lachmann B. Open up the lung and keep the lung open. Intensive Care Med 1992;18:319-
321.

Maggiore SM, Jonson B, Richard JC, Jaber S, Lemaire F, Brochard L. Alveolar derecruitment
at decremental positive end-expiratory pressure levels in acute lung injury: Comparison
with the lower inflection point, oxygenation, and compliance. Am J Respir Crit Care Med
2001;164:795-801.

Webb HH, Tierney DF. Experimental pulmonary edema due to intermittent positive pressure
ventilation with high inflation pressures. Protection by positive end-expiratory pressure. Am
Rev Respir Dis 1974;110:556-565.

Richard JC, Brochard L, Vandelet P, Breton L, Maggiore SM, Jonson B, Clabault K, Leroy J,
Bonmarchand G. Respective effects of end-expiratory and end-inspiratory pressures on
alveolar recruitment in acute lung injury. Crit Care Med 2003;31:89-92.

Muscedere JG, Mullen JB, Gan K, Slutsky AS. Tidal ventilation at low airway pressures can
augment lung injury. Am J Respir Crit Care Med 1994;149:1327-1334.

Villar J. The use of positive end-expiratory pressure in the management of the acute
respiratory distress syndrome. Minerva Anestesiol 2005;71:265-272.

Copyright © 2017 by the American Thoracic Society



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/AnnalsATS.201704-3450T

Sahetya SK, Goligher EC, Brower RG. Fifty years of research in ards. Setting positive end-
expiratory pressure in the acute respiratory distress syndrome. Am J Respir Crit Care Med
2017.

Brower RG, Lanken PN, Maclntyre N, Matthay MA, Morris A, Ancukiewicz M, Schoenfeld D,
Thompson BT, National Heart L, Blood Institute ACTN. Higher versus lower positive end-

expiratory pressures in patients with the acute respiratory distress syndrome. N Engl J Med
2004;351:327-336.

Mercat A, Richard JC, Vielle B, Jaber S, Osman D, Diehl JL, Lefrant JY, Prat G, Richecoeur J,
Nieszkowska A, Gervais C, Baudot J, Bouadma L, Brochard L, Expiratory Pressure Study G.
Positive end-expiratory pressure setting in adults with acute lung injury and acute
respiratory distress syndrome: A randomized controlled trial. JAMA 2008;299:646-655.

Meade MO, Cook DJ, Guyatt GH, Slutsky AS, Arabi YM, Cooper DJ, Davies AR, Hand LE, Zhou
Q, Thabane L, Austin P, Lapinsky S, Baxter A, Russell J, Skrobik Y, Ronco JJ, Stewart TE, Lung
Open Ventilation Study I. Ventilation strategy using low tidal volumes, recruitment
maneuvers, and high positive end-expiratory pressure for acute lung injury and acute
respiratory distress syndrome: A randomized controlled trial. JAMA 2008;299:637-645.

Walkey AJ, Del Sorbo L, Hodgson C, Adhikari NK, Wunsch H, Meade MO, Uleryk E, Hess D,
Talmor DT, Thompson BT, Brower RG, Fan E. Higher peep versus lower peep strategies for
patients with acute respiratory distress syndrome: A systematic review and meta-analysis.
Ann Am Thorac Soc 2017;in press.

Briel M, Meade M, Mercat A, Brower RG, Talmor D, Walter SD, Slutsky AS, Pullenayegum E,
Zhou Q, Cook D, Brochard L, Richard JC, Lamontagne F, Bhatnagar N, Stewart TE, Guyatt G.
Higher vs lower positive end-expiratory pressure in patients with acute lung injury and
acute respiratory distress syndrome: Systematic review and meta-analysis. JAMA
2010;303:865-873.

Phoenix SI, Paravastu S, Columb M, Vincent JL, Nirmalan M. Does a higher positive end
expiratory pressure decrease mortality in acute respiratory distress syndrome? A systematic
review and meta-analysis. Anesthesiology 2009;110:1098-1105.

Gattinoni L, Caironi P, Cressoni M, Chiumello D, Ranieri VM, Quintel M, Russo S, Patroniti N,
Cornejo R, Bugedo G. Lung recruitment in patients with the acute respiratory distress
syndrome. N Engl J Med 2006;354:1775-1786.

Di Marco F, Devaquet J, Lyazidi A, Galia F, da Costa NP, Fumagalli R, Brochard L. Positive
end-expiratory pressure-induced functional recruitment in patients with acute respiratory
distress syndrome. Crit Care Med 2010;38:127-132.

Ranieri VM, Eissa NT, Corbeil C, Chasse M, Braidy J, Matar N, Milic-Emili J. Effects of positive
end-expiratory pressure on alveolar recruitment and gas exchange in patients with the adult
respiratory distress syndrome. Am Rev Respir Dis 1991;144:544-551.

Suter PM, Fairley B, Isenberg MD. Optimum end-expiratory airway pressure in patients with
acute pulmonary failure. N Engl J Med 1975;292:284-289.

Copyright © 2017 by the American Thoracic Society

Page 28 of 34



Page 29 of 34

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/AnnalsATS.201704-3450T

Malbouisson LM, Muller JC, Constantin JM, Lu Q, Puybasset L, Rouby JJ, Group CTSAS.
Computed tomography assessment of positive end-expiratory pressure-induced alveolar
recruitment in patients with acute respiratory distress syndrome. Am J Respir Crit Care Med
2001;163:1444-1450.

Maisch S, Reissmann H, Fuellekrug B, Weismann D, Rutkowski T, Tusman G, Bohm SH.
Compliance and dead space fraction indicate an optimal level of positive end-expiratory
pressure after recruitment in anesthetized patients. Anesth Analg 2008;106:175-181, table
of contents.

Fengmei G, Jin C, Songqiao L, Congshan Y, Yi Y. Dead space fraction changes during peep
titration following lung recruitment in patients with ards. Respir Care 2012;57:1578-1585.

Vieillard-Baron A, Schmitt JM, Augarde R, Fellahi JL, Prin S, Page B, Beauchet A, Jardin F.
Acute cor pulmonale in acute respiratory distress syndrome submitted to protective
ventilation: Incidence, clinical implications, and prognosis. Crit Care Med 2001;29:1551-
1555.

Slutsky AS, Hudson LD. Peep or no peep--lung recruitment may be the solution. N Engl J
Med 2006;354:1839-1841.

Grasso S, Fanelli V, Cafarelli A, Anaclerio R, Amabile M, Ancona G, Fiore T. Effects of high
versus low positive end-expiratory pressures in acute respiratory distress syndrome. Am J
Respir Crit Care Med 2005;171:1002-1008.

Goligher EC, Kavanagh BP, Rubenfeld GD, Adhikari NK, Pinto R, Fan E, Brochard LJ, Granton
JT, Mercat A, Marie Richard JC, Chretien JM, Jones GL, Cook DJ, Stewart TE, Slutsky AS,
Meade MO, Ferguson ND. Oxygenation response to positive end-expiratory pressure
predicts mortality in acute respiratory distress syndrome. A secondary analysis of the lovs
and express trials. Am J Respir Crit Care Med 2014;190:70-76.

Caironi P, Cressoni M, Chiumello D, Ranieri M, Quintel M, Russo SG, Cornejo R, Bugedo G,
Carlesso E, Russo R, Caspani L, Gattinoni L. Lung opening and closing during ventilation of
acute respiratory distress syndrome. Am J Respir Crit Care Med 2010;181:578-586.

Talmor D, Sarge T, Malhotra A, O'Donnell CR, Ritz R, Lisbon A, Novack V, Loring SH.
Mechanical ventilation guided by esophageal pressure in acute lung injury. N Engl J Med
2008;359:2095-2104.

Suzumura EA, Amato MB, Cavalcanti AB. Understanding recruitment maneuvers. Intensive
Care Med 2016;42:908-911.

Keenan JC, Formenti P, Marini JJ. Lung recruitment in acute respiratory distress syndrome:
What is the best strategy? Curr Opin Crit Care 2014;20:63-68.

Kacmarek RM, Kallet RH. Respiratory controversies in the critical care setting. Should
recruitment maneuvers be used in the management of ali and ards? Respir Care
2007;52:622-631; discussion 631-625.

Copyright © 2017 by the American Thoracic Society



ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/Annal SATS.201704-3450T
Page 30 of 34

100. Crotti S, Mascheroni D, Caironi P, Pelosi P, Ronzoni G, Mondino M, Marini JJ, Gattinoni L.
Recruitment and derecruitment during acute respiratory failure: A clinical study. Am J Respir
Crit Care Med 2001;164:131-140.

101. Borges JB, Okamoto VN, Matos GF, Caramez MP, Arantes PR, Barros F, Souza CE,
Victorino JA, Kacmarek RM, Barbas CS, Carvalho CR, Amato MB. Reversibility of lung
collapse and hypoxemia in early acute respiratory distress syndrome. Am J Respir Crit Care
Med 2006;174:268-278.

102. Grasso S, Mascia L, Del Turco M, Malacarne P, Giunta F, Brochard L, Slutsky AS, Marco
Ranieri V. Effects of recruiting maneuvers in patients with acute respiratory distress
syndrome ventilated with protective ventilatory strategy. Anesthesiology 2002;96:795-802.

103. Girgis K, Hamed H, Khater Y, Kacmarek RM. A decremental peep trial identifies the peep
level that maintains oxygenation after lung recruitment. Respir Care 2006;51:1132-1139.

104. Tugrul S, Akinci O, Ozcan PE, Ince S, Esen F, Telci L, Akpir K, Cakar N. Effects of sustained
inflation and postinflation positive end-expiratory pressure in acute respiratory distress
syndrome: Focusing on pulmonary and extrapulmonary forms. Crit Care Med 2003;31:738-
744,

105. Gattinoni L, Pelosi P, Suter PM, Pedoto A, Vercesi P, Lissoni A. Acute respiratory distress
syndrome caused by pulmonary and extrapulmonary disease. Different syndromes? Am J
Respir Crit Care Med 1998;158:3-11.

106. Lim CM, Jung H, Koh Y, Lee JS, Shim TS, Lee SD, Kim WS, Kim DS, Kim WD. Effect of
alveolar recruitment maneuver in early acute respiratory distress syndrome according to
antiderecruitment strategy, etiological category of diffuse lung injury, and body position of
the patient. Crit Care Med 2003;31:411-418.

107. Constantin JM, Grasso S, Chanques G, Aufort S, Futier E, Sebbane M, Jung B, Gallix B,
Bazin JE, Rouby JJ, Jaber S. Lung morphology predicts response to recruitment maneuver in
patients with acute respiratory distress syndrome. Crit Care Med 2010;38:1108-1117.

108. Beitler JR, Majumdar R, Hubmayr RD, Malhotra A, Thompson BT, Owens RL, Loring SH,
Talmor D. Volume delivered during recruitment maneuver predicts lung stress in acute
respiratory distress syndrome. Crit Care Med 2016;44:91-99.

109. Fan E, Wilcox ME, Brower RG, Stewart TE, Mehta S, Lapinsky SE, Meade MO, Ferguson
ND. Recruitment maneuvers for acute lung injury: A systematic review. Am J Respir Crit Care
Med 2008;178:1156-1163.

110. Hodgson CL, Tuxen DV, Davies AR, Bailey MJ, Higgins AM, Holland AE, Keating JL, Pilcher
DV, Westbrook AJ, Cooper DJ, Nichol AD. A randomised controlled trial of an open lung
strategy with staircase recruitment, titrated peep and targeted low airway pressures in
patients with acute respiratory distress syndrome. Crit Care 2011;15:R133.

111. Jabaudon M, Hamroun N, Roszyk L, Guerin R, Bazin JE, Sapin V, Pereira B, Constantin JM.
Effects of a recruitment maneuver on plasma levels of soluble rage in patients with diffuse

Copyright © 2017 by the American Thoracic Society



Page 31 of 34

ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/AnnalsATS.201704-3450T

acute respiratory distress syndrome: A prospective randomized crossover study. Intensive
Care Med 2015;41:846-855.

112. Frank JA, McAuley DF, Gutierrez JA, Daniel BM, Dobbs L, Matthay MA. Differential
effects of sustained inflation recruitment maneuvers on alveolar epithelial and lung
endothelial injury. Crit Care Med 2005;33:181-188; discussion 254-185.

113. Lim SC, Adams AB, Simonson DA, Dries DJ, Broccard AF, Hotchkiss JR, Marini JJ.
Intercomparison of recruitment maneuver efficacy in three models of acute lung injury. Crit
Care Med 2004;32:2371-2377.

114. Silva PL, Moraes L, Santos RS, Samary C, Ornellas DS, Maron-Gutierrez T, Morales MM,
Saddy F, Capelozzi VL, Pelosi P, Marini JJ, Gama de Abreu M, Rocco PR. Impact of pressure
profile and duration of recruitment maneuvers on morphofunctional and biochemical
variables in experimental lung injury. Crit Care Med 2011;39:1074-1081.

115. Goligher EC, Hodgson C, Adhikari NK, Meade MO, Wunsch H, Uleryk E, Gajic O, Amato
M, Ferguson ND, Rubenfeld GD, Fan E. Lung recruitment maneuvers for adult patients with
acute respiratory distress syndrome: A systematic review and meta-analysis. Ann Am Thorac
Soc 2017;in press.

116. Del Sorbo L, Goffi A, Goligher E, Fan E, Slutsky AS. Setting mechanical ventilation in ards
patients during vv-ecmo: Where are we? Minerva Anestesiol 2015;81:1369-1376.

117. Brodie D, Bacchetta M. Extracorporeal membrane oxygenation for ards in adults. N Eng/
J Med 2011;365:1905-1914.

118. Del Sorbo L, Cypel M, Fan E. Extracorporeal life support for adults with severe acute
respiratory failure. Lancet Respir Med 2014;2:154-164.

119. PhamT, Combes A, Roze H, Chevret S, Mercat A, Roch A, Mourvillier B, Ara-Somohano
C, Bastien O, Zogheib E, Clavel M, Constan A, Marie Richard JC, Brun-Buisson C, Brochard L.
Extracorporeal membrane oxygenation for pandemic influenza a(h1n1)-induced acute
respiratory distress syndrome: A cohort study and propensity-matched analysis. American
journal of respiratory and critical care medicine 2013;187:276-285.

120. Serpa Neto A, Schmidt M, Azevedo LC, Bein T, Brochard L, Beutel G, Combes A, Costa EL,
Hodgson C, Lindskov C, Lubnow M, Lueck C, Michaels AJ, Paiva JA, Park M, Pesenti A, Pham
T, Quintel M, Marco Ranieri V, Ried M, Roncon-Albuquerque R, Jr., Slutsky AS, Takeda S,
Terragni PP, Vejen M, Weber-Carstens S, Welte T, Gama de Abreu M, Pelosi P, Schultz MJ,
Re VARN, the PNI. Associations between ventilator settings during extracorporeal
membrane oxygenation for refractory hypoxemia and outcome in patients with acute
respiratory distress syndrome: A pooled individual patient data analysis : Mechanical
ventilation during ecmo. Intensive Care Med 2016;42:1672-1684.

121. Schmidt M, Stewart C, Bailey M, Nieszkowska A, Kelly J, Murphy L, Pilcher D, Cooper DJ,
Scheinkestel C, Pellegrino V, Forrest P, Combes A, Hodgson C. Mechanical ventilation
management during extracorporeal membrane oxygenation for acute respiratory distress
syndrome: A retrospective international multicenter study. Crit Care Med 2015;43:654-664.

Copyright © 2017 by the American Thoracic Society



ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/AnnalsATS.201704-3450T

122. Franchineau G, Brechot N, Lebreton G, Hekimian G, Nieszkowska A, Trouillet JL, Leprince
P, Chastre J, Luyt CE, Combes A, Schmidt M. Bedside contribution of electrical impedance
tomography to set positive end-expiratory pressure for ecmo-treated severe ards patients.
Am J Respir Crit Care Med 2017.

123. Foti G, Pesenti A. To recruit or not recruit, this is. Crit Care Med 2015;43:719-720.

124. Chu EK, Whitehead T, Slutsky AS. Effects of cyclic opening and closing at low- and high-
volume ventilation on bronchoalveolar lavage cytokines. Crit Care Med 2004;32:168-174.

125. Langer T, Santini A, Bottino N, Crotti S, Batchinsky Al, Pesenti A, Gattinoni L. "Awake"
extracorporeal membrane oxygenation (ecmo): Pathophysiology, technical considerations,
and clinical pioneering. Crit Care 2016;20:150.

126. Mauri T, Grasselli G, Suriano G, Eronia N, Spadaro S, Turrini C, Patroniti N, Bellani G,
Pesenti A. Control of respiratory drive and effort in extracorporeal membrane oxygenation
patients recovering from severe acute respiratory distress syndrome. Anesthesiology
2016;125:159-167.

127. Karagiannidis C, Lubnow M, Philipp A, Riegger GA, Schmid C, Pfeifer M, Mueller T.
Autoregulation of ventilation with neurally adjusted ventilatory assist on extracorporeal
lung support. Intensive Care Med 2010;36:2038-2044.

128. Mauri T, Bellani G, Grasselli G, Confalonieri A, Rona R, Patroniti N, Pesenti A. Patient-
ventilator interaction in ards patients with extremely low compliance undergoing ecmo: A
novel approach based on diaphragm electrical activity. Intensive care medicine 2013;39:282-
291.

129. Morelli A, Del Sorbo L, Pesenti A, Ranieri VM, Fan E. Extracorporeal carbon dioxide
removal (ecco2r) in patients with acute respiratory failure. Intensive Care Med 2017.

130. Fitzgerald M, Millar J, Blackwood B, Davies A, Brett SJ, McAuley DF, McNamee JJ.
Extracorporeal carbon dioxide removal for patients with acute respiratory failure secondary
to the acute respiratory distress syndrome: A systematic review. Crit Care 2014;18:222.

Copyright © 2017 by the American Thoracic Society

Page 32 of 34



ANNALSATS Articlesin Press. Published on 06-October-2017 as 10.1513/Annal SATS.201704-3450T
Page 33 of 34

Figure Legend:

Figure 1: MV: mechanical ventilation, Va: alveolar ventilation, Q: perfusion, VILI: ventilator-
induced lung injury, HFOV: high frequency oscillatory ventilation, PEEP: positive end expiratory
pressure, LRM: lung recruitment maneuvers, ECLS: extracorporeal life support, LTV: limited tidal

volumes and inspiratory pressures
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