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Abstract

experimental studies to support these concepts.

Despite over 40 years of research, there is no specific lung-directed therapy for the acute respiratory distress
syndrome (ARDS). Although much has evolved in our understanding of its pathogenesis and factors affecting
patient outcome, supportive care with mechanical ventilation remains the cornerstone of treatment. Perhaps the
most important advance in ARDS research has been the recognition that mechanical ventilation, although
necessary to preserve life, can itself aggravate or cause lung damage through a variety of mechanisms collectively
referred to as ventilator-induced lung injury (VILI). This improved understanding of ARDS and VILI has been
important in designing lung-protective ventilatory strategies aimed at attenuating VILI and improving outcomes.
Considerable effort has been made to enhance our mechanistic understanding of VILI and to develop new
ventilatory strategies and therapeutic interventions to prevent and ameliorate VILI with the goal of improving
outcomes in patients with ARDS. In this review, we will review the pathophysiology of VILI, discuss a number of
novel physiological approaches for minimizing VILI, therapies to counteract biotrauma, and highlight a number of
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Background

Acute respiratory distress syndrome (ARDS) is defined
by the acute onset of hypoxemic respiratory failure with
bilateral infiltrates on chest radiography due primarily to
non-cardiogenic pulmonary edema [1]. Despite intense
research over four decades, no effective pharmacological
therapies exist for ARDS, and supportive care with
mechanical ventilation (MV) remains the cornerstone of
treatment [2]. Perhaps the most important advance in
ARDS research has been the recognition that MV, al-
though necessary to preserve life, can itself aggravate or
cause lung damage through a variety of mechanisms col-
lectively referred to as ventilator-induced lung injury
(VILI) [3]. These mechanisms include exposure to high
inflation transpulmonary pressures (barotrauma), alveo-
lar overdistention (volutrauma), and/or repetitive open-
ing and closing of alveoli (atelectrauma). In addition to
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direct structural damage, these mechanical forces can
trigger a complex array of inflammatory mediators,
resulting in a local and systemic inflammatory response
(biotrauma) propagating injury to non-pulmonary organs
[4], which may result in multiple system organ dysfunc-
tion, and ultimately in death.

This improved understanding of ARDS and VILI has
been important in designing lung-protective MV strat-
egies to attenuate VILI and improve survival. Indeed, the
only strategy that has demonstrated improved survival
in patients with ARDS is the use of low tidal volume
(VT) (<6 ml/kg predicted body weight (PBW) ventila-
tion, along with adequate positive end-expiratory pres-
sure (PEEP), and limiting plateau pressure to <30 cm
H,O [5]. Although this strategy aims to minimize VILI
due to volutrauma or atelectrauma, recent studies have
revealed that tidal hyperinflation may occur despite the
use of this strategy and there may be advantages to re-
ductions below 6 ml/kg PBW [6], even if plateau pres-
sures are <30 cm H,O [7]. Considerable effort has been
made to enhance our mechanistic understanding of VILI
and to develop new ventilatory strategies and therapeutic
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interventions to prevent and ameliorate VILI, and to im-
prove outcomes in patients with ARDS. In this, we will
briefly review the pathophysiology of VILI, and discuss a
number of novel physiological and non-physiological ap-
proaches for minimizing VILI (Figure 1).

Pathophysiology of VILI

VILI is not a new concept. The term historically applied
to macroscopic injuries associated with alveolar rupture
due to overdistension when high inspiratory pressures
are applied. The term VILI has shifted somewhat from
referring to pressure-induced (really, volume-induced)
injury to increased permeability, accumulation of lung
fluid, atelectrauma, and inflammation induced by MV
[3]. VILI can resemble ARDS and it is difficult to diag-
nose in humans because its appearance can be similar to
the underlying disease for which MV was instituted.

The main mechanical determinant of VILI is regional
lung overdistention due to high transpulmonary pressure
(stress) that causes the lung to deform above its resting
volume (strain) [8]. In experimental models, VILI de-
velops when a lung strain (estimated as the ratio be-
tween lung volume change and resting volume) greater
than 2 is achieved, corresponding to a VT approximately
greater than 20 ml/kg in healthy animals [8,9]. Thus, the
smaller the resting lung volume, the greater the strain
for a given lung volume change (inflation). MV at low
lung volumes may also be deleterious, due to regional
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amplification of forces and repetitive opening and clos-
ing of distal, collapsed lung units [10,11].

VILI is a dynamic process that is hard to capture at a sin-
gle time point. The damage observed in VILI reflects the
primary injurious stimuli and the secondary complex inter-
actions of inflammatory mediators on alveolar epithelial
and capillary endothelial cells. Alveolar overinflation elicits
a well coordinated response that contributes to cellular
proliferation and inflammation. Lung cell deformation by
mechanical forces originating within the alveolus direct
conformational changes in molecules within the cell mem-
brane, leading to activation of downstream messenger sys-
tems. MV can trigger a complex array of proinflammatory
and anti-inflammatory mediators that may lead to either
greater injury or enhanced lung healing and quicker restor-
ation of pulmonary function [12]. Two mechanisms are be-
lieved to be responsible for this MV-induced inflammatory
response (biotrauma). The first is direct trauma to the cell
with disruption of cell walls, resulting in the release of cy-
tokines into both the alveolar space and the systemic circu-
lation [13]. The second mechanism has been termed
mechanotransduction. In vitro studies have shown that
most pulmonary cells can produce cytokines in response
to cyclic stretch [14]. A large number of genes differentially
expressed in the lung by MV have been identified in
in vivo animal models of VILI, including genes involved in
immunity and inflammation, the stress response, metabol-
ism, and transcription processes [15]. However, the sensing
mechanism of these physical forces and the translation into
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intracellular signals is largely unknown. Slutsky and
Tremblay [16] were the first to suggest that the MV-
induced inflammatory response may contribute to devel-
opment of multiple system organ dysfunction seen in
mechanically ventilated patients with ARDS by initiating
or propagating a malignant, systemic inflammatory re-
sponse. Although it remains unclear how inflammatory
mediators exert their detrimental effects on distal organs,
experimental studies and clinical trials in ARDS have
shown that the application of protective ventilator strat-
egies are associated with decreased serum cytokine levels
[17,18], decreased extrapulmonary organ dysfunction [19],
and decreased mortality [5].

Physiological approaches for minimizing VILI

Neurally adjusted ventilatory assist

Neurally adjusted ventilatory assist (NAVA) delivers pres-
sure to the airways proportional to inspiratory diaphrag-
matic electrical activity (EAdi); the proportionality factor
is set on the ventilator by the clinician [20], via a specially
designed nasogastric tube. EAdi is influenced predomin-
antly by vagally-mediated feedback loops that integrate in-
formation from mechanoreceptors that ‘sense’ the degree
of lung stretch, as well as chemoreceptors that sense
chemical stimuli [21]. EAdi is reflexively upregulated if the
delivered VT is below the patient’s respiratory demand,
and downregulated if the assist is greater than the patient’s
demand. When the assist level satisfies the patient’s re-
spiratory demand, VT remains relatively constant despite
increases in the proportionality factor. NAVA provides as-
sist on a breath-by-breath basis in synchrony with, and in
proportion to, the patient’s respiratory demand. This may
be particularly effective in patients with increased work of
breathing and/or respiratory muscle weakness. To the ex-
tent that a patient’s defense mechanisms are effective in
limiting inappropriate lung stretch, NAVA may improve
patient outcomes by tailoring MV to individual patient
physiology, and its evolution over time (for example, dur-
ing ARDS) [22].

Preclinical and clinical studies have demonstrated that
NAVA can prevent excessive lung distention, efficiently un-
load respiratory muscles, and can improve patient-ventilator
synchrony [20,23]. While on NAVA, innate reflexes in the
lung will limit VT when the lungs get overstretched,
allowing a patient to ‘control’ their own VT and limit VILL
This hypothesis was tested in an animal study in which 27
rabbits with hydrochloric acid-induced ARDS were ran-
domized to NAVA or volume controlled MV with either
low (6 ml/kg) or high (15 ml/kg) VT [24]. During NAVA,
delivered VT was lower (mean 3.1 ml/kg), and PaO,/FiO,
ratio, respiratory rate, and PaCO, were all significantly
higher than in the 6 ml/kg control group. NAVA was similar
to the low VT in preventing VILI, attenuating excessive sys-
temic and remote organ inflammation, and in preserving
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cardiac and kidney function. Both NAVA and the 6 ml/kg
volume group demonstrated reduced VILI and non-
pulmonary organ dysfunction compared to the 15 ml/kg
volume control group. This is the first study demonstrat-
ing that NAVA in spontaneously breathing animals with
lung injury is similar to a conventional low VT strategy
with regards to lung protection and non-pulmonary organ
dysfunction. These promising results require confirmation
in large, randomized controlled trial, since it is unclear
whether the feedback mechanisms operative in the animal
model can be translated to the much more complex hu-
man condition.

Targeting transpulmonary pressure and individualized PEEP
titration

Transpulmonary pressure is the difference between alveo-
lar pressure and pleural pressure, and is considered by
some as the main determinant of VILI [25]. Alveolar pres-
sure may be approximated from airway pressure under
static conditions (that is, breath hold at end inspiration
and end expiration). Since measurement of pleural pres-
sure is invasive, esophageal pressure (Pes) is commonly
used instead [26]. Disproportionate mechanical stress (that
is, high transpulmonary pressure at end inspiration) on
the injured lung is a key trigger for mechanotransduction
and VILL Atelectrauma may be mitigated by using ad-
equate levels of positive end-expiratory pressure (PEEP) to
prevent derecruitment at end expiration. Higher levels of
PEEP have been shown to be lung protective in a number
of animal models of ARDS [3], but have led to inconsistent
results in clinical trials [27,28]. One possible explanation
for the lack of apparent benefits in these clinical trials is
the failure to tailor ventilatory support according to the
patient’s physiology (that is, transpulmonary pressure), as
the majority of these studies titrated PEEP according to a
fixed protocol based on airway pressure and gas exchange
parameters. Failure to account for the individual patient’s
pleural pressure, and the recruitability of individual patient’s
lungs may result in the underapplication or overapplication
of PEEP, and an increased risk for VILIL.

One reason why higher levels of PEEP have shown dis-
cordant results in animal models of ARDS as compared
to clinical trials may be an increased contribution of a
stiff chest wall [26] and high intra-abdominal pressure
[29] in patients compared to the usual animals models
of lung injury. Loring and colleagues [30] examined
chest wall constriction at different levels of PEEP in an
experimental lung lavage ARDS model. In the first ex-
perimental group, the animals had their chest walls
constricted with an elastic binder and had a fixed PEEP
(Group LC); the other group had the same constriction,
but PEEP was raised to maintain the preconstriction
level of end-expiratory transpulmonary pressure (Group
LCP). The experimental groups were ventilated with the
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same strategy for 1.5 h after saline lung lavage, and had
transpulmonary pressure measured using an esophageal
balloon. Following MV, the LC group exhibited signifi-
cantly worse lung mechanics, hypoxemia, and degree of
pulmonary edema than either the LCP or the control
groups. Proinflammatory cytokines in the blood and
lung lavage fluid were elevated in all groups, with signifi-
cantly higher in group LC. Group LC also had signifi-
cantly worse histological signs of VILI than the other
groups. Thus, maintaining transpulmonary pressure with
additional PEEP could ameliorate the deleterious effects
of chest wall constriction.

A pilot randomized clinical trial in patients with
ARDS compared a strategy where PEEP was set to
maintain a positive transpulmonary pressure measured
by an esophageal balloon (intervention group), com-
pared to a scale that titrated PEEP according to oxy-
genation (control group). The intervention group had
improved respiratory system mechanics, oxygenation, and
a non-significant survival advantage [31]. This study also
demonstrated that an individualized ventilation strategy ti-
trated according to transpulmonary pressure was feasible
and could determine an appropriate level of PEEP. An on-
going multicenter, randomized control trial (EPVent 2;
ClinicalTrials.gov NCT01681225) of MV directed by
esophageal pressure measurement and maintaining a min-
imal but positive transpulmonary pressure throughout the
ventilatory cycle will help to provide additional data on
the potential efficacy of this individualized strategy in pa-
tients with ARDS.

Lung recruitment maneuvers, high frequency oscillatory
ventilation, and airway pressure release ventilation
Recruitment maneuvers (RMs) have been recommended
as potential adjuncts to lung protective ventilation strat-
egies. Tidal recruitment and subsequent derecruitment
can occur even at low VT, leading to an increase potential
for VILI [32]. Even with strict adherence to pressure and
volume limited ventilation, up to a third of patients are ex-
posed to end-inspiratory alveolar overdistention [33]. This
phenomenon predominantly occurs in patients with a lar-
ger proportion of non-aerated lung, presumably because
the VT is distributed into a much smaller aerated com-
partment. Recruiting non-aerated lung may attenuate this
overdistension injury by distributing the VT more homo-
geneously, into a larger volume of aerated lung. RMs may
be used to open collapsed, non-aerated lung units through
a transient intentional increase in the transpulmonary
pressure (for example, continuous positive airway pressure
(CPAP) 40 cm H,O for 40 s) above that achieved by tidal
ventilation [34].

There is evidence from animal models that infrequent
RMs do not promote alveolar epithelial damage to the same
extent as injurious, high pressure mechanical ventilation
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[35]. However, the volume of hyperinflated lung units does
increase when a RM is performed (from 1% to 28% of lung
volume) [36,37]. Indeed, the application of high trans-
pulmonary pressures progressively increased the volume
of open lung units that were hyperinflated, demonstrating
the potential for worsening iatrogenic lung injury in a
dose-dependent fashion [38]. Finally, laboratory studies
have suggested that partial recruitment may aggravate
cytokine production in the lung. The atelectatic lung is
relatively inert and has little cytokine production, which
may be markedly increased by inadequate recruitment or
repeated derecruitment [39,40]. Thus, VILI may be further
mitigated by opening, and keeping open, those unstable
lung units that are cyclically collapsing, thus preventing
atelectrauma. RMs do open the lung if applied early in the
course of ARDS. They are useful in improving the PaO,/
FiO, and are sustainable if an appropriate PEEP is used
post RM [41]. Nonetheless there are no convincing clinical
data that RMs are useful in improving outcomes in pa-
tients with ARDS [42].

In addition to RMs, several recent ventilatory innova-
tions may provide their benefit largely through progres-
sive lung recruitment. These include high frequency
oscillatory ventilation (HFOV), airway pressure release
ventilation (APRV) [43]. HFOV should theoretically be
an ideal mode to ventilate patients with severe lung
damage [44]. It achieves gas exchange by delivering very
small VT (often less than the anatomic dead space) at
frequencies ranging from 3 to 5 Hz around a relatively
constant mean airway pressure. Both these modalities
use high, mean airway pressures to recruit and maintain
adequate end-expiratory pressure while attenuating VILI.
Similar to higher levels of PEEP, HFOV has been shown
to maintain the oxygenation benefit from lung recruit-
ment achieved with prone positioning [45]. Like RMs,
both HFOV and APRV have been shown to improve
oxygenation but lack a significant mortality benefit in
the small number of clinical studies performed to date
[43]. These ‘open lung’ approaches and their effects on
VILI were compared to low VT ventilation in a study by
Albert and colleagues [46]. Following surfactant deple-
tion and injurious MV, 22 pigs were divided into 4
groups: low VT ventilation with 6 ml/kg PBW (low tidal
volume ventilation (LTVV); n = 6); 2) HFOV (n = 5); 3)
APRV (n = 6); and 4) RM (incremental PEEP) followed
by decremental PEEP titration (RM; n = 5). Lung and
hemodynamic parameters were evaluated every 30 mi-
nutes for 6 h following lung injury. Bronchoalveolar lav-
age fluid and lung tissue were analyzed for cytokines and
histology, respectively. Oxygenation improved in all
three open lung groups as compared to the LTVV group,
significantly in the APRV and RM groups. IL-8 and
TNFa were significantly lower in the APRV group as
compared with the LTVV group, with no significant
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differences in cytokine concentrations between LTVV
and the other two groups. Finally, APRV was associated
with reduced histological markers of lung injury as com-
pared to the LTVV group, whereas the HFOV and RM
groups demonstrated greater airspace hemorrhage and
leukocyte infiltration, respectively. Thus, none of the
open lung techniques consistently and significantly re-
duced VILI as compared to LTVV. These experimental
findings correlate with clinical studies that have failed to
demonstrate a significant survival advantage with open
lung strategies as compared to standard pressure-limited
and volume-limited ventilation in ARDS [47,48]. Further
study is needed to determine whether there is an appro-
priate therapeutic niche for these open lung strategies to
reduce VILI and improve clinical outcomes in patients
with ARDS.

Extracorporeal gas exchange
Extracorporeal life support (ECLS) techniques, such as
extracorporeal membrane oxygenation (ECMO) or
extracorporeal CO, removal (ECCO,R), can provide ad-
equate gas exchange in patients with ARDS [49]. Vast
improvements in ECLS technology over the last decade
have made these devices less invasive, more biocompat-
ible, and easier and safer to use. Moreover, ECLS can fa-
cilitate the use of ‘ultra’-protective MV (for example,
employing VT <6 ml/kg PBW and lower airway pres-
sures) in patients supported with ECLS, minimizing the
risk of VILIL. More radically, patients supported with
ECLS may not require intubation or invasive MV at all:
no ventilation, no VILIL. Important additional benefits of
this strategy may include decreased need for heavy sed-
ation, with a concomitant decrease in delirium, and an
increased ability to participate in early rehabilitation.
Thus, ECLS may facilitate the awake, calm, cooperative,
and mobile patient with ARDS, helping to ameliorate in-
tensive care unit (ICU)-acquired weakness that contrib-
utes to the substantial and persistent morbidity in ARDS
survivors [50]. Finally, promising results from recent
case series during the HIN1 pandemic [51,52] and the
Conventional Ventilatory Support versus Extracorporeal
Membrane Oxygenation for Severe Adult Respiratory
Failure (CESAR) trial [53] have led to renewed interest
in ECMO as a strategy for managing severe ARDS in
adults, even though there were a number of major meth-
odological concerns and limitations with these studies.
In a proof-of-concept study, Terragni and colleagues
[54] evaluated whether VT <6 ml/kg PBW may enhance
lung protection. In 32 patients with ARDS ventilated
with a VT of 6 ml/kg PBW, those with plateau pressures
between 28 and 30 ¢cm H,O had their VT reduced to
achieve plateau pressures between 25 and 28 cm H,O.
Respiratory acidosis (pH <7.25) was managed with
ECCO,R for at least 72 h. Patients who already had
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plateau pressures between 25 and 28 ¢cm H,O continued
to receive MV with VT of 6 ml/kg PBW. In the ECCO,R
group (ten patients), PaCO, (mean 50 mmHg) and pH
(mean 7.32) were normalized, and VT was reduced from 6
to 4 ml/kg PBW and plateau pressure decreased from 29
to 25 cm H,O (P <0.001). Moreover, there was a signifi-
cant reduction in the morphological markers of lung in-
jury and pulmonary cytokines (P <0.01) in the ECCO,R
group after 72 h of MV with VT lower than 6 ml/kg PBW.
Of note, no patient-related complications occurred in pa-
tients receiving ECCO5R.

While promising, the putative benefits of ‘ultra’-protective
MV with ECCO,R, or more complete gas exchange sup-
port with ECMO, in patients with ARDS requires con-
firmation in large, randomized controlled trials. Moreover,
the highly specialized equipment and knowledge required
to provide ECLS make these techniques available only in
specialized medical centers [55]. More definitive answers
may be forthcoming from the ongoing multicenter ran-
domized EOLIA (ECMO to rescue Lung Injury in severe
ARDS; ClinicalTrials.gov NCT01470703) trial, which will
compare venovenous ECMO to a modern protocolized
lung protective ventilation strategy [56].

Therapies to counteract biotrauma

Anti-cytokine therapy

MV can increase the level of inflammatory mediators
within the lungs, and treatment with antagonists of these
mediators may reduce VILI [3]. A number of potential tar-
gets have been identified in preclinical studies. Increased
levels of several inflammatory mediators (including TNFa,
IL-6, and IL-10) were found in ex vivo and in vivo rat
models subjected to injurious mechanical ventilation
[17,57]. It has been reported that IL-1 blockade mitigates
inflammatory manifestations of VILI in animals [58,59],
but this has not be investigated in humans. Other targets
include the blocking or inhibition of IL-18 [60]. Hoegl and
colleagues have recently reported that the prophylactic in-
halation of anti-inflammatory cytokines, such as IL-10 and
IL-22, may reduce or protect against VILI and improve
survival [61,62].

After demonstrating significantly increased levels of the
proinflammatory cytokine TNF« in the alveoli following
MYV in a saline lung lavage model of ARDS [63], Imai and
colleagues [64] examined whether pretreatment with
intratracheal anti-TNFa antibody would reduced the mag-
nitude of VILL They instilled low-dose (0.2 mg/kg; n = 6)
or high-dose (1 mg/kg; n = 6) polyclonal anti-TNFa anti-
body in two treatment groups, as compared to a serum
IgG fraction in the antibody control group (n = 6) and sa-
line in the saline control group (n = 7). Following 4 h of
MYV, levels of TNFa in the lung lavage fluid were signifi-
cantly higher than at baseline. Moreover, pretreatment
with anti-TNFa antibody improved gas exchange and
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respiratory system compliance, reduced leukocyte infiltra-
tion, and ameliorated pathological findings in a dose-
dependent fashion. However, given the complexity of the
inflammatory response to MV and in ARDS, lung injury
was not completely mitigated by pretreatment with anti-
TNFa antibody in this model. Finally, it is important to
note that despite promising results using animal models of
VIL], to date clinical trials of anti-cytokine therapy in crit-
ically ill patients have not led to any significant demon-
strable benefit [65,66]. While it is unlikely that a single
anti-cytokine intervention for VILI will have a significant
impact on patient-important outcomes, these therapies
may represent useful adjuncts in the armamentarium
against VILI in patients with ARDS, after appropriate
evaluation in large clinical trials.

Heat shock response

First described as a response to thermal stress, the heat
shock (or stress) response is characterized by the rapid
expression of a highly conserved group of proteins (heat
shock proteins) that can be induced by many thermal
and non-thermal stressors, as well as various pharmaco-
logical agents [67]. The heat shock response is a very
primitive defense mechanism present in all eukaryotic
cells, including inflammatory cells and their target cells.
In general, heat shock proteins are molecular chaperones
that help to maintain cellular homeostasis by facilitating
the proper folding, assembly, and stabilization of new
and damaged proteins. Whatever the inciting stimulus,
the heat stress response confers protection for subse-
quent thermal and non-thermal cytotoxic stressors. Al-
though our understanding of the regulatory events
governing the stress response and the mechanisms of pro-
tection are still limited, a number of studies suggest that
this natural cytoprotective response may be a novel thera-
peutic strategy for the treating a number of inflammatory
disease states. In vitro experiments have demonstrated
that induction of the heat shock response protects against
endotoxin-mediated apoptosis, peroxynitrite, and hydro-
gen peroxide, while in vivo, it protects animals against sep-
sis, ARDS, and ischemia-reperfusion injury [67].

One possible mechanism by which the heat shock re-
sponse may be protective against subsequent stressors
may be by binding of heat shock proteins to cytokines,
preventing their release from inflammatory cells [68]. To
examine the implications of this hypothesis in the setting
of VILI, Ribeiro and colleagues [68] randomized experi-
mental rats to either receive exposure to heat (rectal
temperature 41°C for 15 minutes) or sham treatment.
The lungs were harvested and either lavaged for cytokine
analysis (pre-ventilation data) or mechanically ventilated
with high VT for 2 h, and then lavaged for analysis
(post-ventilation data). MV in sham treatment lungs led
to a 47% reduction in compliance and an increase in
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lung lavage levels of proinflammatory cytokines (TNFaq,
IL-1PB, macrophage inflammatory protein 2) as compared
to low levels of cytokines in the pre-ventilation state. In
contrast, MV in the heat stress group led to a smaller re-
duction in compliance (17%), and a significant attenu-
ation of proinflammatory cytokines as compared to the
post-ventilation state in the sham treatment group. In-
creased activation of nuclear factor B, an important
transcription factor of many inflammatory cytokines, has
been reported to correlate with mortality in patients
with sepsis. Recent studies have demonstrated that in-
duction of the heat shock response inhibits nuclear
translocation of nuclear factor kB in cultured respiratory
epithelial cells [69]. Coupled with data demonstrating a
reduction in organ dysfunction and mortality in sepsis-
induced lung injury [70], induction of heat shock pro-
teins and the heat shock response may prove to be a
useful therapy to help attenuate or prevent VILI and its
downstream consequences in patients with ARDS.

Future directions and conclusions

Despite four decades of research into ARDS, no specific
therapies exist and the mortality remains unacceptably
high. MV remains the cornerstone of supportive care,
and the understanding that MV itself could lead to fur-
ther lung injury (VILI) has been an important advance.
Ventilatory strategies aimed at reducing the potential for
VILI, by reducing the mechanical stress placed on the
injured lung, have led to important reductions in mortal-
ity in patients with ARDS. Novel physiological ap-
proaches for mitigating VILI by limiting the mechanical
stress applied to the injured lungs, such as NAVA and
targeting transpulmonary pressure with individualized
PEEP titration, represent the evolution of current lung
protective strategies tailored to individual patients’ re-
spiratory system physiology. Perhaps the ultimate ther-
apy in the quest to limit airway pressures and VT to
reduce VILI in patients with ARDS is the use of extra-
corporeal gas exchange to facilitate ‘ultra’-protective MV,
or to obviate the need for intubation and MV all to-
gether. Without mechanical ventilation, there is no VILI,
although lung injury can occur from spontaneous venti-
lation with very large tidal volumes [71]. In addition, the
provision of ECCO,R and/or ECMO is associated with a
number of risks and potential complications. Finally,
these interventions may have synergistic effects when
used in combination (for example, NAVA and ECCO,R),
but their efficacy, alone or in combination, require con-
firmation in future clinical trials.

A potentially important paradigm shift for the treat-
ment of VILI may include novel therapies aimed not
only at decreasing pressures or volumes in the lung, but
also directed at the development of interventions that
are aimed directly at preventing the initiation and/or
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propagation of the inflammatory response (biotrauma).
Anti-cytokine therapies and manipulation of the heat
shock response may represent promising adjunctive
therapies to both existing and novel lung protective ven-
tilatory strategies to help obviate the development of
VILIL Unfortunately, many promising therapies found to
reduce VILI and improved outcomes in preclinical stud-
ies have not been translated into success in subsequent
clinical trials in humans. As a result, ongoing preclinical
and clinical investigations continue in hopes of address-
ing the reasons for these discrepancies and providing a
better understanding of the complex interface between
MYV, the injured lung, and the critically ill patient. These
studies will aid in developing novel approaches to ameli-
orate or mitigate the development of VILI.

Abbreviations

ARDS: Acute respiratory distress syndrome; EAdi: Inspiratory diaphragmatic
electrical activity; ECCO,R: Extracorporeal carbon dioxide removal;

ECMO: Extracorporeal membrane oxygenation; ECLS: Extracorporeal life
support; LTW: Low tidal volume ventilation; MV: Mechanical ventilation;
NAVA: Neurally adjusted ventilatory assist; PBW: Predicted body weight;
PEEP: Positive end-expiratory pressure; RM: Recruitment maneuver;

VILI: Ventilator-induced lung injury; VT: Tidal volume.

Competing interests

EF has not disclosed any potential conflicts of interest. JV has received research
grants from Maquet. AS received consultancy fees, educational grants, or served
on advisory boards for Apeiron, Asthmatx, Broncus, GlaxoSmithKline, Leo
Pharma, Lilly, Maquet, Novalung, Sensormedics, and Tarix.

Authors’ contributions
All authors contributed equally to the inception and execution of this article
and read and approved the final manuscript.

Acknowledgements
JV is supported by the Instituto de Salud Carlos Ill, Spain (Pl 10/0393). The
views expressed in this publication are those of the authors.

Author details

1\nterdepartmemal Division of Critical Care Medicine, University of Toronto,
Toronto, Canada. “Department of Medicine, Mount Sinai Hospital and
University Health Network, Toronto, Canada. *CIBER de Enfermedades
Respiratorias, Instituto de Salud Carlos Ill, Madrid, Spain. “Research Unit,
Hospital Universitario Dr Negrin, Las Palmas de Gran Canaria, Spain. >Keenan
Research Center at the Li Ka Shing Knowledge Institute, St. Michael’s
Hospital, Toronto, Ontario, Canada.

Received: 30 November 2012 Accepted: 7 February 2013
Published: 28 March 2013

References

1. The ARDS Definition Task Force: Acute Respiratory Distress Syndrome: the
Berlin definition. JAMA 2012, 307:2526-2533.

2. Fan E, Needham DM, Stewart TE: Ventilatory management of acute lung
injury and acute respiratory distress syndrome. JAMA 2005, 294:2889-2896.

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

4. Tremblay LN, Slutsky AS: Ventilator-induced injury: from barotrauma to
biotrauma. Proc Assoc Am Physicians 1998, 110:482-488.

5. 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 £ngl J
Med 2000, 342:1301-1308.

6. Needham DM, Colantuoni E, Mendez-Tellez PA, Dinglas VD, Sevransky JE,
Dennison Himmelfarb CR, Desai SV, Shanholtz C, Brower RG, Pronovost PJ:

20.

22.

23.

24.

25.

26.

Page 7 of 9

Lung protective mechanical ventilation and two year survival in patients
with acute lung injury: prospective cohort study. BMJ 2012, 344:2124.
Hager DN, Krishnan JA, Hayden DL, Brower RG: ARDS Clinical Trials
Network: 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.

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.

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.

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

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.

Crosby LM, Waters CM: Epithelial repair mechanisms in the lung. Am J
Physiol Lung Cell Mol Physiol 2010, 298:L715-731.

Plotz FB, Slutsky AS, van Vught AJ, Heijnen CJ: Ventilator-induced lung
injury and multiple system organ failure: a critical review of facts and
hypotheses. Intensive Care Med 2004, 30:1865-1872.

Vlahakis NE, Schroeder MA, Limper AH, Hubmayr RD: Stretch induces
cytokine release by alveolar epithelial cells in vitro. Am J Physiol 1999,
277:L167-173.

Nonas SA, Moreno-Vinasco L, Vinasco LM, Ma S-F, Jacobson JR, Desai AA,
Dudek SM, Flores C, Hassoun PM, Sam L, Ye SQ, Moitra J, Barnard J,
Grigoryev DN, Lussier YA, Garcia JGN: Use of consomic rats for genomic
insights into ventilator-associated lung injury. Am J Physiol Lung Cell Mol
Physiol 2007, 293:L.292-302.

Slutsky AS, Tremblay LN: Multiple system organ failure. Is mechanical
ventilation a contributing factor? Am J Respir Crit Care Med 1998,
157:1721-1725.

Tremblay L, Valenza F, Ribeiro SP, Li J, Slutsky AS: Injurious ventilatory
strategies increase cytokines and c-fos m-RNA expression in an isolated
rat lung model. J Clin Invest 1997, 99:944-952.

Villar J, Cabrera NE, Casula M, Flores C, Valladares F, Diaz-Flores L, Muros M,
Slutsky AS, Kacmarek RM: Mechanical ventilation modulates TLR4 and
IRAK-3 in a non-infectious, ventilator-induced lung injury model. Respir
Res 2010, 11:27.

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.

Sinderby C, Navalesi P, Beck J, Skrobik Y, Comtois N, Friberg S, Gottfried SB,
Lindstrom L: Neural control of mechanical ventilation in respiratory
failure. Nat Med 1999, 5:1433-1436.

Allo J-C, Beck JC, Brander L, Brunet F, Slutsky AS, Sinderby CA: Influence of
neurally adjusted ventilatory assist and positive end-expiratory pressure
on breathing pattern in rabbits with acute lung injury. Crit Care Med
2006, 34:2997-3004.

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 Med 2013, 39:282-291.

Piquilloud L, Vignaux L, Bialais E, Roeseler J, Sottiaux T, Laterre P-F, Jolliet P,
Tassaux D: Neurally adjusted ventilatory assist improves patient-
ventilator interaction. Intensive Care Med 2011, 37:263-271.

Brander L, Sinderby C, Lecomte F, Leong-Poi H, Bell D, Beck J, Tsoporis JN,
Vaschetto R, Schultz MJ, Parker TG, Villar J, Zhang H, Slutsky AS: Neurally
adjusted ventilatory assist decreases ventilator-induced lung injury and
non-pulmonary organ dysfunction in rabbits with acute lung injury.
Intensive Care Med 2009, 35:1979-1989.

Sarge T, Talmor D: Targeting transpulmonary pressure to prevent
ventilator induced lung injury. Minerva Anestesiol 2009, 75:293-299.
Talmor D, Sarge T, O'Donnell CR, Ritz R, Malhotra A, Lisbon A, Loring SH:
Esophageal and transpulmonary pressures in acute respiratory failure.
Crit Care Med 2006, 34:1389-1394.



Fan et al. BMC Medicine 2013, 11:85
http://www.biomedcentral.com/1741-7015/11/85

27.

28.

29.

30.

31

32,

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

Briel M, Meade M, Mercat A, Brower RG, Talmor D, Walter SD, Slutsky AS,
Pullenayegum E, Zhou Q, Cook D, Brochard L, Richard J-CM, 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.
Dasenbrook EC, Needham DM, Brower RG, Fan E: Higher PEEP in patients
with acute lung injury: a systematic review and meta-analysis. Respir Care
2011, 56:568-575.

Malbrain MLNG, Chiumello D, Pelosi P, Wilmer A, Brienza N, Malcangi V, Bihari
D, Innes R, Cohen J, Singer P, Japiassu A, Kurtop E, De Keulenaer BL, Daelemans
R, del Turco M, Cosimini P, Ranieri M, Jacquet L, Laterre P-F, Gattinoni L:
Prevalence of intra-abdominal hypertension in critically ill patients: a
multicentre epidemiological study. Intensive Care Med 2004, 30:822-829.
Loring SH, Pecchiari M, Valle Della P, Monaco A, Gentile G, D'Angelo E:
Maintaining end-expiratory transpulmonary pressure prevents
worsening of ventilator-induced lung injury caused by chest wall
constriction in surfactant-depleted rats. Crit Care Med 2010, 38:2358-2364.
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.

Sudrez-Sipmann F, Bohm SH, Tusman G, Pesch T, Thamm O, Reissmann H,
Reske A, Magnusson A, Hedenstierna G: Use of dynamic compliance for
open lung positive end-expiratory pressure titration in an experimental
study. Crit Care Med 2007, 35:214-221.

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.

Patterson T, Fan E: Recruitment manoeuvers in patients with acute lung
injury. Eur Respir Monograph 2012, 55:40-53.

Cakar N, Akinci O, Tugrul S, Ozcan PE, Esen F, Eraksoy H, Cagatay A, Telci L,
Nahum A: Recruitment maneuver: does it promote bacterial
translocation? Crit Care Med 2002, 30:2103-2106.

Bugedo G, Bruhn A, Herndndez G, Rojas G, Varela C, Tapia JC, Castillo L:
Lung computed tomography during a lung recruitment maneuver in
patients with acute lung injury. Intensive Care Med 2003, 29:218-225.
Grasso S, Stripoli T, Sacchi M, Trerotoli P, Staffieri F, Franchini D, de Monte V,
Valentini V, Pugliese P, Crovace A, Driessen B, Fiore T: Inhomogeneity of
lung parenchyma during the open lung strategy: a computed
tomography scan study. Am J Respir Crit Care Med 2009, 180:415-423.
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 £ngl J Med 2006, 354:1775-1786.
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.

Bellani G, Guerra L, Musch G, Zanella A, Patroniti N, Mauri T, Messa C,
Pesenti A: Lung regional metabolic activity and gas volume changes
induced by tidal ventilation in patients with acute lung injury. Am J
Respir Crit Care Med 2011, 183:1193-1199.

Kacmarek RM, Villar J: Lung recruitment maneuvers during acute respiratory
distress syndrome: is it useful? Minerva Anestesiol 2011, 77:85-89.

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.

Fan E, Stewart TE: New modalities of mechanical ventilation: high-
frequency oscillatory ventilation and airway pressure release ventilation.
Clin Chest Med 2006, 27:615-625. abstract viii-ix.

Ferguson ND, Villar J, Slutsky AS: Understanding high-frequency
oscillation: lessons from the animal kingdom. Intensive Care Med 2007,
33:1316-1318.

Demory D, Michelet P, Arnal J-M, Donati S, Forel J-M, Gainnier M, Brégeon F,
Papazian L: High-frequency oscillatory ventilation following prone
positioning prevents a further impairment in oxygenation. Crit Care Med
2007, 35:106-111.

Albert S, Kubiak BD, Vieau CJ, Roy SK, DiRocco J, Gatto LA, Young JL,
Tripathi S, Trikha G, Lopez C, Nieman GF: Comparison of “open lung”
modes with low tidal volumes in a porcine lung injury model. J Surg Res
2011, 166:¢71-81.

Ferguson ND, Cook DJ, Guyatt GH, Mehta S, Hand L, Austin P, Zhou Q,
Matté A, Walter SD, Lamontagne F, Granton JT, Arabi YM, Arroliga AC,

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 8 of 9

Stewart TE, Slutsky AS, Meade MO: High-frequency oscillation in early
acute respiratory distress syndrome. N Engl J Med 2013, 368:795-805.
Young D, Lamb S, Shah S, MacKenzie |, Tunnicliffe W, Lall R, Rowan K,
Cuthbertson BH: High-frequency oscillation for acute respiratory distress
syndrome. N Engl J Med 2013, 368:806-13.

Brodie D, Bacchetta M: Extracorporeal membrane oxygenation for ARDS
in adults. N Engl J Med 2011, 365:1905-1914.

Lee CM, Fan E: ICU-acquired weakness: what is preventing its
rehabilitation in critically ill patients? BMC Med 2012, 10:115.

The Australia and New Zealand Extracorporeal Membrane Oxygenation ANZ
ECMO Influenza Investigators: Extracorporeal membrane oxygenation for
2009 influenza A(HTN1) acute respiratory distress syndrome. JAMA 2009,
302:1888-1895.

Noah MA, Peek GJ, Finney SJ, Griffiths MJ, Harrison DA, Grieve R, Sadique
MZ, Sekhon JS, McAuley DF, Firmin RK, Harvey C, Cordingley JJ, Price S,
Vuylsteke A, Jenkins DP, Noble DW, Bloomfield R, Walsh TS, Perkins GD,
Menon D, Taylor BL, Rowan KM: Referral to an extracorporeal membrane
oxygenation center and mortality among patients with severe 2009
influenza A(H1N1). JAMA 2011, 306:1659-1668.

Peek G, Mugford M, Tiruvoipati R, Wilson A, Allen E, Thalanany M, Hibbert C,
Truesdale A, Clemens F, Cooper N, Firmin R, Elbourne D: for the CESAR trial
collaboration: Efficacy and economic assessment of conventional
ventilatory support versus extracorporeal membrane oxygenation for
severe adult respiratory failure (CESAR): a multicentre randomised
controlled trial. Lancet 2009, 374:1351-1363.

Terragni PP, del Sorbo L, Mascia L, Urbino R, Martin EL, Birocco A, Faggiano
C, Quintel M, Gattinoni L, Ranieri VM: Tidal volume lower than 6 ml/kg
enhances lung protection: role of extracorporeal carbon dioxide
removal. Anesthesiology 2009, 111:826-835.

Pipeling MR, Fan E: Therapies for refractory hypoxemia in acute
respiratory distress syndrome. JAMA 2010, 304:2521-2527.

Combes A: Extracorporeal membrane oxygenation (ECMO) pour les
syndromes de détresse respiratoire aigué (SDRA) séveres. L'essai EOLIA
[in French]. Reanimation 2011, 20:49-61.

Herrera MT, Toledo C, Valladares F, Muros M, Diaz-Flores L, Flores C, Villar J:
Positive end-expiratory pressure modulates local and systemic
inflammatory responses in a sepsis-induced lung injury model. Intensive
Care Med 2003, 29:1345-1353.

Narimanbekov |0, Rozycki HJ: Effect of IL-1 blockade on inflammatory
manifestations of acute ventilator-induced lung injury in a rabbit model.
Exp Lung Res 1995, 21:239-254.

Frank JA, Pittet J-F, Wray C, Matthay MA: Protection from experimental
ventilator-induced acute lung injury by IL-1 receptor blockade. Thorax
2008, 63:147-153.

Dolinay T, Kim YS, Howrylak J, Hunninghake GM, An CH, Fredenburgh L,
Massaro AF, Rogers A, Gazourian L, Nakahira K, Haspel JA, Landazury R,
Eppanapally S, Christie JD, Meyer NJ, Ware LB, Christiani DC, Ryter SW, Baron
RM, Choi AMK: Inflammasome-regulated cytokines are critical mediators
of acute lung injury. Am J Respir Crit Care Med 2012, 185:1225-1234.

Hoegl S, Boost KA, Czerwonka H, Dolfen A, Scheiermann P, Muhl H, Zwissler
B, Hofstetter C: Inhaled IL-10 reduces biotrauma and mortality in a model
of ventilator-induced lung injury. Respir Med 2009, 103:463-470.

Hoegl S, Bachmann M, Scheiermann P, Goren |, Hofstetter C, Pfeilschifter J,
Zwissler B, Muhl H: Protective properties of inhaled IL-22 in a model of
ventilator-induced lung injury. Am J Respir Cell Mol Biol 2011, 44:369-376.
Takata M, Abe J, Tanaka H, Kitano Y, Doi S, Kohsaka T, Miyasaka K:
Intraalveolar expression of tumor necrosis factor-alpha gene during
conventional and high-frequency ventilation. Am J Respir Crit Care Med
1997, 156:272-279.

Imai Y, Kawano T, Iwamoto S, Nakagawa S, Takata M, Miyasaka K:
Intratracheal anti-tumor necrosis factor-alpha antibody attenuates
ventilator-induced lung injury in rabbits. J Appl Physiol 1999, 87:510-515.
Exley AR, Cohen J, Buurman W, Owen R, Hanson G, Lumley J, Aulakh JM,
Bodmer M, Riddell A, Stephens S: Monoclonal antibody to TNF in severe
septic shock. Lancet 1990, 335:1275-1277.

Opal SM, Fisher CJ, Dhainaut JF, Vincent JL, Brase R, Lowry SF, Sadoff JC,
Slotman GJ, Levy H, Balk RA, Shelly MP, Pribble JP, LaBrecque JF,
Lookabaugh J, Donovan H, Dubin H, Baughman R, Norman J, DeMaria E,
Matzel K, Abraham E, Seneff M: Confirmatory interleukin-1 receptor
antagonist trial in severe sepsis: a phase Ill, randomized, double-blind,
placebo-controlled, multicenter trial. The Interleukin-1 Receptor



Fan et al. BMC Medicine 2013, 11:85
http://www.biomedcentral.com/1741-7015/11/85

67.

68.

69.

70.

7.

Antagonist Sepsis Investigator Group. Crit Care Med 1997,
25:1115-1124.

Wheeler DS, Wong HR: Heat shock response and acute lung injury.

Free Radic Biol Med 2007, 42:1-14.

Ribeiro SP, Villar J, Downey GP, Edelson JD, Slutsky AS: Effects of the stress
response in septic rats and LPS-stimulated alveolar macrophages:
evidence for TNF-alpha posttranslational regulation. Am J Respir Crit Care
Med 1996, 154:1843-1850.

Wong HR, Ryan M, Wispé JR: Stress response decreases NF-kB nuclear
translocation and increases |-

kB.alpha; expression in A549 cells. J Clin Invest 1997, 99:2423-2428.

Villar J, Ribeiro SP, Mullen JB, Kuliszewski M, Post M, Slutsky AS: Induction of
the heat shock response reduces mortality rate and organ damage in a
sepsis-induced acute lung injury model. Crit Care Med 1994, 22:914-921.
Mascheroni D, Kolobow T, Fumagalli R, Moretti MP, Chen V, Buckhold D:
Acute respiratory failure following pharmacologically induced
hyperventilation: an experimental animal study. Intensive Care Med 1988,
15:8-14.

doi:10.1186/1741-7015-11-85
Cite this article as: Fan et al: Novel approaches to minimize ventilator-
induced lung injury. BMC Medicine 2013 11:85.

Page 9 of 9

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Pathophysiology of VILI
	Physiological approaches for minimizing VILI
	Neurally adjusted ventilatory assist
	Targeting transpulmonary pressure and individualized PEEP titration

	Lung recruitment maneuvers, high frequency oscillatory ventilation, and airway pressure release ventilation
	Extracorporeal gas exchange
	Therapies to counteract biotrauma
	Anti-cytokine therapy
	Heat shock response
	Future directions and conclusions
	Abbreviations


	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

