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ABSTRACT: During mechanical ventilation, high end-inspiratory lung volume (whether
it be because of large tidal volume (VT) and/or high levels of positive end-expiratory
pressure) results in a permeability type pulmonary oedema, called ventilator-induced
lung injury (VILI). Previous injury sensitises lung to mechanical ventilation.

This experimental concept has recently received a resounding clinical illustration
after a 22% reduction of mortality was observed in acute respiratory distress syndrome
patients whose VT had been reduced. In addition, it has been suggested that repetitive
opening and closing of distal units at low lung volume could induce lung injury but this
notion has been challenged both conceptually and clinically after the negative results of
the Acute Respiratory Distress Syndrome clinical Network Assessment of Low tidal
Volume and Elevated end-expiratory volume to Obviate Lung Injury (ARDSNet
ALVEOLI) study.

Experimentally and clinically, involvement of inflammatory cytokines in VILI has
not been unequivocally demonstrated. Cellular response to mechanical stretch has been
increasingly investigated, both on the epithelial and the endothelial side. Lipid
membrane trafficking has been thought to be a means by which cells respond to stress
failure.

Alterations in the respiratory system pressure/volume curve during ventilator-induced
lung injury that include decrease in compliance and position of the upper inflection point
are due to distal obstruction of airways that reduce aerated lung volume. Information
from this curve could help avoid potentially harmful excessive tidal volume reduction.
Eur Respir J 2003; 22: Suppl. 42, 2s–9s.
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Mechanical ventilation has been part of basic life support
for several decades. Several potential drawbacks and compli-
cations have been identified early in the use of mechanical
ventilation [1]. Of these, ventilator-induced lung injury (VILI)
has recently received much attention in both the experimental
[2] and the clinical field [3–7]. The purpose of this paper is to
review the different situations in which VILI can occur based
on animal studies and to place these results into a clinical
perspective of ventilatory management of acute respiratory
distress syndrome (ARDS).

Evidence for ventilator-induced lung injury

Ventilation of intact lungs

High lung volume ventilator-induced lung injury. WEBB and
TIERNEY [8] were the first to demonstrate that mechanical
ventilation could cause pulmonary oedema in intact animals.
They were able to show in rats subjected to positive airway
pressure ventilation that pulmonary oedema was more severe
and occurred more rapidly when the animals were ventilated
with 45 cmH2O than with 30 cmH2O peak airway pressure.
Animals ventilated for 1 h with 14 cmH2O peak airway pres-
sure did not develop oedema. It was later confirmed that
ventilation with high airway pressure produces capillary
permeability alterations, nonhydrostatic pulmonary oedema
and tissue damage resembling that observed during ARDS [9].
Further studies demonstrated that VILI depended mainly on

lung volume and especially on the end-inspiratory volume [10].
The corresponding pressure is termed "plateau" pressure and
its clinical importance has been emphasised in a Consensus
Conference on mechanical ventilation [11]. The respective roles
of increased airway pressure and increased lung volume on
the development of VILI were clarified by showing that
mechanical ventilation of intact rats with large or low tidal
volume (VT), but with identical peak airway pressures
(45 cmH2O) [10] did not result in the same lung alterations.
Pulmonary oedema and cellular ultrastructural abnormalities
were encountered only in rats subjected to high VT and not
in those in which lung distention was limited by thoraco-
abdominal strapping [10]. Furthermore, animals ventilated
with large VT but negative airway pressure (by means of an
iron lung) still developed pulmonary oedema thus demon-
strating that airway pressure is not a determinant for
pulmonary oedema [10]. Consequently, it was suggested that
the term "volutrauma" would be more appropriate than
barotrauma in this situation [12, 13]. Other investigators have
reached the same conclusions with different protocols and
species. HERNANDEZ et al. [14] compared the capillary filtra-
tion coefficient (a measure of capillary permeability) of the
lungs of rabbits ventilated with 15, 30 and 45 cmH2O peak
airway pressures with that of animals ventilated with the same
airway pressures but with limitation of thoraco-abdominal
excursions by plaster casts placed around the chest and the
abdomen. The capillary filtration coefficient of the lungs
removed after ventilation was normal in animals ventilated at
15 cmH2O peak pressure, increased by 31% at 30 cmH2O peak
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pressure and by 430% at 45 cmH2O peak pressure in animals
without restriction of lung distention. In striking contrast,
limiting lung inflation prevented the increase of the capillary
filtration coefficient [14]. CARLTON et al. [15] confirmed this
observation in lambs. Besides the lung distention that occurs
during mechanical ventilation, the rate at which lung volume
varies may also affect microvascular permeability. PEEVY et al.
[16] used isolated perfused rabbit lungs to determine the
capillary filtration coefficient of lungs ventilated with various
VT and inspiratory flow rates. They found that small VT with a
high flow rate increased the filtration coefficient to the same
extent (y6 times baseline value) as ventilation with a markedly
higher VT but a lower inspiratory flow rate for the same peak
airway pressure [16].

Taken together, these experimental studies have demon-
strated that large volume rather than high intrathoracic
pressures per se results in ventilator-induced lung oedema in
intact animals.

Low lung volume ventilator-induced lung injury. Unlike high
volume lung injury (which can be observed in noninjured
animals), low lung volume injury is not seen in healthy lungs,
which can tolerate mechanical ventilation with physiological
VT and low levels of positive end-expiratory pressure (PEEP)
for prolonged periods of time without any apparent damage.
TASKAR et al. [17] have shown that the repetitive collapse and
reopening of terminal units during 1 h does not seem to
damage healthy lungs (although it does alter gas exchange and
reduces compliance).

Ventilation of damaged lungs

High-volume lung injury. Several investigators have evaluated
the effect of mechanical ventilation with over-distension on
damaged lungs. Results from these studies consistently stress
the increased susceptibility of diseased lungs to the detrimental
effects of mechanical ventilation.

The first studies were performed on isolated lungs. BOWTON

and KONG [18] showed that isolated perfused rabbit lungs
injured by oleic acid gained significantly more weight when
ventilated with 18 mL?kg-1 body weight (bw) than when
ventilated with 6 mL?kg-1 bw VT. HERNANDEZ et al. [19]
compared the effects of oleic acid alone, mechanical ventila-
tion alone, and a combination of both on the capillary
filtration coefficient and wet-to-dry weight ratio of isolated
perfused lungs from young rabbits. These measurements were
not significantly affected by low doses of oleic acid, or
mechanical ventilation with a peak inspiratory pressure of
25 cmH2O for 15 min. However, the filtration coefficient
increased significantly when oleic acid injury was followed by
mechanical ventilation. The wet-to-dry weight ratio (a marker
of oedema severity) of these lungs was significantly higher
than that of the lungs subjected to oleic acid injury or
ventilation alone. The same workers also showed that the
increased filtration coefficient produced by ventilating iso-
lated blood-perfused rabbit lungs with 30–45 cmH2O peak
pressure was greater when surfactant was inactivated by
instilling dioctyl-succinate [20]. Whereas light microscope
examination showed only minor abnormalities (minimal
haemorrhage and vascular congestion) in the lungs of animals
subjected to ventilation alone, or surfactant inactivation
alone, the combination of the two caused severe damage
(oedema and flooding, hyaline membranes and extensive
alveolar haemorrhage).

These results on isolated lungs suggested that VILI might
develop at lower airway pressure in abnormal isolated lungs.
Whether this could also be the case in whole animals with

"pre-injured lungs" was investigated by comparing the effects
of different degrees of lung distention during mechanical
ventilation in rats whose lungs had been injured by a-
naphtylthiourea (ANTU) [21]. ANTU infusion alone caused
moderate interstitial pulmonary oedema of the permeability
type. Mechanical ventilation of intact rats for 2 min resulted
in a permeability oedema whose severity depended on the VT

amplitude. It was possible to calculate how much mechanical
ventilation would theoretically injure lungs diseased by
ANTU by summing up the separate effect of mechanical
ventilation alone or ANTU alone on oedema severity. The
results showed that the lungs of the animals injured by ANTU
ventilated at high volume (45 mL?kg-1 bw) had more severe
permeability oedema than predicted, indicating synergism
between the two insults rather than additivity. Even minor
alterations, such as those produced by spontaneous ventila-
tion during prolonged anaesthesia (which degrades surfactant
activity and promotes focal atelectasis [22, 23]), are sufficient
to synergistically increase the harmful effects of high volume
ventilation [21]. The extent to which lung mechanical pro-
perties have deteriorated prior to ventilation is a key factor
in this synergy. The amount of oedema produced by high
volume mechanical ventilation in the lungs of animals given
ANTU, or that had undergone prolonged anaesthesia was
inversely proportional to the respiratory system compliance
measured at the very beginning of mechanical ventilation [21].
Thus, the more severe the existing lung abnormalities before
ventilation, the more severe the VILI. The reason for this
synergy requires clarification. The presence of local alveolar
flooding in animals given the most harmful ventilation
protocol was the most evident difference from those venti-
lated with lower, less harmful, VT [21]. It is conceivable that
flooding reduced the number of alveoli that received the VT,
exposing them to over-inflation and rendering them more
susceptible to injury, further reducing the aerated lung
volume and resulting in positive feedback. The same reason-
ing applies to prolonged anaesthesia, during which the
aerated lung volume was probably gradually reduced by
atelectasis [21]. Both flooding and atelectasis decrease
compliance, likely to an extent that is correlated with their
spreading. It is thus not surprising that the lower the lung
distensibility before ventilation (as inversely reflected by
quasi-static compliance, an index of the amount of lung
that remains open), the more severe the alterations induced by
high volume ventilation [21]. Thus, uneven distribution of
ventilation that occurs during acute lung injury [24] may
render lungs more prone to regional over-inflation and injury.
To explore this possibility, alveolar flooding was produced
by instilling 2 mL saline into the trachea. The rats were
then immediately ventilated for 10 min with VT of up to
33 mL?kg-1. Flooding with saline did not significantly affect
microvascular permeability when VT was low. As VT was
increased, capillary permeability alterations were larger in
flooded than in intact animals, reflecting further impairment
of their endothelial barrier. There was also a correlation
between end-inspiratory airway pressure, the pressure at
which the lower inflection point (LIP) was found on the
pressure/volume (P/V) curve, and capillary permeability
alterations in flooded animals ventilated with a high VT

[25]. Thus, the less compliant and recruitable the lung was
after saline flooding, the more severe were the changes in
permeability caused by lung distention.

Low lung-volume injury. There may be an increase in trapped
gas volume during pulmonary oedema and acute lung injury,
especially when surfactant properties are altered, because of
terminal units closure [26]. Under such conditions, the slope of
the inspiratory P/V curve of the respiratory system often
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displays an abrupt increase at low lung volume. This change
reflects the massive opening of previously closed units and has
been termed the "lower inflection point" (LIP). Most clinicians
are aware of the importance of this phenomenon in terms of
arterial oxygenation, since setting PEEP above this inflection
point usually results in a very abrupt decrease in shunt and
increase in arterial oxygen tension (Pa,O2) [27–30].

Attention has focused only relatively recently on the
possibility that pulmonary lesions may be aggravated if this
inflection point lies within the VT. Experimental evidence for
this was initially provided by studies comparing conventional
mechanical ventilation with high frequency oscillatory venti-
lation in premature or surfactant-depleted lungs. More recently,
studies performed during conventional mechanical ventilation
of surfactant-depleted lungs with various levels of PEEP also
support the possibility that the repeated opening and closing
of terminal units cause additional injury [31–33]. ARGIRAS

et al. [31] and SANDHAR et al. [32] studied this issue by
ventilating rabbits whose lungs were depleted of surfactant
by lavage. Peak inspiratory pressure was 15 mmHg at the
beginning of the experiment and 25 mmHg at the end (5 h
later), because lung compliance decreased (VT was set but not
stated). PEEP was adjusted so that functional residual capacity
(FRC) was either above or below the LIP on the inspiratory
limb of the P/V curve. This resulted in PEEP levels of about
1–2 mmHg (below inflection) and 8–12 mmHg (above inflec-
tion). The mortality rates in the two groups were identical,
but the arterial Pa,O2 was better preserved and there was less
hyaline membrane formation in the high PEEP group [31, 32].
This lessening of pathological alterations occurred even when
the mean airway pressures in the low and high PEEP groups
were kept at the same level by adjusting the inspiratory/
expiratory time ratio [32]. MUSCEDERE et al. [33] recently
reported similar results for isolated, unperfused, lavaged rabbit
lungs ventilated with a low (5–6 mL?kg-1 bw) VT and with a
PEEP set below or above the inflection point. However,
SOHMA et al. [34] could not replicate these findings in rabbits
with hydrochloric acid-injured lungs using the same ventila-
tion settings. The reality of the repetitive opening and closure
of terminal units and the significance of the LIP on the P/V
curve have been recently challenged by MARTYNOWICZ et al.
[35]. They studied the regional expansion of oleic acid-injured
lungs using the parenchymal marker technique. They found
that the gravitational distribution of volume at the FRC was
not affected by oleic acid injury and that the injury was not
associated with decreased parenchymal volume of dependent
regions. In addition, they found that the temporal inhomo-
geneity of regional tidal expansion did not increase with oleic
acid injury. Their findings are therefore in contradiction with
the hypothesis that a gravitational gradient in superimposed
pressure during VILI produces compression atelectasis of
dependent lung that in turn produces shear injury from cyclic
recruitment and collapse [35]. They propose a different
explanation for the occurrence of a LIP on the P/V curve,
namely the displacement of air-liquid interfaces along the
tracheo-bronchial tree rather than alveolar recruitment and
derecruitment and thus a different mechanism by which PEEP
restores the regional tidal expansion of dependent regions and
conclude that the knee in the P/V curve is the result of the
mechanics of parenchyma with constant surface tension and
partially fluid-filled alveoli, not the result of abrupt opening
of airways or atelectatic parenchyma [36]. It therefore remains
unsettled whether injury caused by the repetitive reopening of
collapsed terminal units and the protective effect of PEEP is
restricted to the peculiar situation of surfactant depletion. In
the clinical field, the recent negative results of the Acute
Respiratory Distress Syndrome clinical Network Assessment
of Low tidal Volume and Elevated end-expiratory volume to
Obviate Lung Injury (ARDSNet ALVEOLI) trial [37] cast

doubt on the clinical existence of repetitive opening and
closing lung injury [38].

Roles of tidal volume, positive end-expiratory pressure,
and overall lung distention

The influence of PEEP on acute lung injury (and more
specifically on ventilator-induced pulmonary oedema) must
be studied with respect to the level of VT used. Indeed, PEEP
increases FRC and opens the lung but also displaces end-
inspiratory volume towards total lung capacity when VT is
kept constant possibly thus favouring over-inflation. PEEP
may also affect haemodynamics and lung fluid balance.
Therefore, close analysis of the numerous studies which have
been carried out to clarify the relationships between PEEP,
oxygenation, and the accumulation of extravascular lung
water during hydrostatic or permeability type oedema must
take into account the experimental approach used, i.e. intact
animals or isolated lungs (for which lung water content will
differ) and whether or not VT is reduced (thus increasing or
not increasing end-inspiratory lung volume).

Effects of positive end-expiratory pressure when tidal
volume is kept constant

Application of PEEP may result in lung over-inflation if it
is followed by a significant change in FRC owing to the
increase in end-inspiratory volume. Depending on the homo-
geneity of ventilation distribution, this over-inflation will
preferentially affect the more distensible areas, thus account-
ing for the usual lack of reduction or even the worsening of
oedema reported with PEEP during most experiments [39]. In
intact animals, application of PEEP does not counteract the
accumulation of oedema fluid during hydrostatic type oedema
[40] or permeability type oedema [40, 41], though it improves
oxygenation [40] because of the re-opening of flooded alveoli.
In isolated ventilated-perfused lung, PEEP aggravates oedema
fluid accumulation [42]. Thus, for a given VT, increasing FRC
with PEEP has dissimilar effects on oedema accumulation
in isolated lungs and in intact animals. In the latter, the lack
of effect of PEEP depends on the balance between PEEP-
induced increase in end-inspiratory lung volume which
decreases interstitial pressure and favours fluid filtration in
extra-alveolar vessels and the haemodynamic depression due
to elevated intrathoracic pressure that will decrease filtration
pressure. In contrast, the preservation of perfusion-rate in
isolated-perfused lungs favours the increase in oedema [42].

Effects of positive-end expiratory pressure when tidal
volume is reduced

Oedema is less severe when VT is decreased and end-
inspiratory lung volume is kept constant by increasing FRC
with PEEP during high-volume ventilation [2]. WEBB and
TIERNEY [8] showed that oedema was lessened by 10 cmH2O
PEEP application during ventilation with 45 cmH2O peak
airway pressure. The authors attributed this beneficial effect
of PEEP to the preservation of surfactant activity. It was
shown later that although PEEP decreased the amount of
oedema, it did not change the severity of the permeability
alterations as assessed by the increase in dry lung weight
[10]. However, no alveolar damage was observed in animals
ventilated with PEEP in comparison with those ventilated in
zero end-expiratory pressure (ZEEP). The only ultrastructural
alterations observed with PEEP consisted of endothelial
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blebbing [10]. This preservation of the epithelial layer has
received no satisfactory explanation. It may be that PEEP
prevented repetitive opening and closing of terminal units,
thereby decreasing shear stress at this level. Similar observa-
tions have been made by other investigators either in intact
animals [43, 44] or in perfused canine lobes [45]. The potential
role of haemodynamic alterations induced by PEEP should
be considered. For a given end-inspiratory airway pressure,
application of PEEP produces an increase in intrathoracic
pressure which adversely affects cardiac output [46, 47].
Indeed, rats submitted to high-peak airway pressure ventila-
tion with 10 cmH2O PEEP had more severe oedema when the
haemodynamic alterations induced by PEEP were corrected
with dopamine [48]. The amount of oedema was correlated
with systemic blood pressure, suggesting that improvement in
cardiac output and increased filtration were responsible for
this aggravation. In conclusion, the reduction of oedema and
of the severity of cell damage by PEEP during ventilation-
induced pulmonary oedema may be linked to reduced tissue
stress (by decreasing volume-pressure excursion) and capillary
filtration, as well as to the preservation of surfactant activity.

Importance of overall lung distention

Lung volume at the end of inspiration (i.e. the overall
degree of lung distention) is probably the main determinant of
VILI severity. Rats ventilated with a low VT and 15 cmH2O
PEEP developed pulmonary oedema whereas rats ventilated
with the same VT but 10 cmH2O PEEP did not [48]. Similarly,
doubling VT (which was not deleterious in animals ventilated
in ZEEP) resulted in oedema in the presence of 10 cmH2O
PEEP. Thus the safety of a given VT depends on how much
FRC is increased.

In conclusion, VILI and oedema occurs when a certain
degree of lung overinflation is reached. This situation is met
when VT is increased at a given end-inspiratory pressure.
By contrast, when PEEP is added to reach the same end-
inspiratory pressure, it seems to slow the development of
oedema and diminish the severity of tissue injury, although
the occurrence of microvascular permeability alterations is
not prevented [10, 48]. Finally, when PEEP results in addi-
tional over-inflation, there is greater oedema [48].

Possible mechanisms of ventilator-induced lung injury

It is now clear that ventilation-induced pulmonary oedema
is essentially the result of severe changes in the permeability
of the alveolar-capillary barrier. Small increases in micro-
vascular transmural pressure may add their effects to those of
altered permeability to enhance oedema severity.

Depending on the duration of the aggression, two different
kinds of injury probably occur. Small animals very rapidly
develop a severe permeability pulmonary oedema as a con-
sequence of acute extreme lung stretching. This oedema
probably does not involve inflammatory cell recruitment or
secretion of mediators. Oedema develops more slowly in
larger animals, in particular in response to moderately high
airway pressures, rendering the situation more complex. A
low lung volume injury probably adds its own effects to the
direct mechanical aggression at high end-inspiratory volume.
Indeed, high VT mechanical ventilation without PEEP may
reduce the aerated volume and gradually cause mechanical
nonuniformity. This lung inhomogeneity will in turn promote
over-inflation of the more distensible and probably healthier
zones, leading to positive feedback aggravation. In addition,

lung injury develops slowly enough in large animals for
inflammatory pathways to become involved.

Mechanisms of increased vascular transmural pressure

Increased fluid filtration by this mechanism may occur at
both extra-alveolar [49, 50] and alveolar [51–53] sites during
mechanical ventilation. Increased transmural pressure in extra-
alveolar vessels may result from the increase in lung volume, a
consequence of lung interdependence [46, 54, 55], whereas
increased filtration across alveolar microvessels may be the
consequence of surfactant inactivation [8, 53].

Mechanisms of altered permeability

While permeability alterations are obvious and severe
during ventilator-induced oedema, the underlying mechan-
isms are not fully understood, and there are probably several.
In particular, as previously stressed, the mechanisms of lung
injury may well vary according to the extent and duration of
lung overdistension.

Effects of surfactant inactivation. In addition to its effects on
fluid filtration, surfactant inactivation and elevated alveolar
surface tension may increase alveolar epithelial permeability
to small solutes. Diethylenetriaminepentaacetic acid (DTPA)
clearance in rabbits [56] and dogs [57] was increased following
surfactant inactivation by detergent aerosolisation. This effect
was ascribed to the uneven distribution of lung mechan-
ical properties resulting in ventilation inhomogeneities and
regional overexpansion, rather than to the elimination of
peculiar barrier properties of surfactant [57]. The effects of
surfactant inactivation and large VT ventilation on alveolo-
capillar permeability (as assessed by pulmonary DTPA clear-
ance) are additive [58]. Increased surface tension may also alter
endothelial permeability as a result of increased radial traction
on pulmonary microvessels [53].

Participation of inflammatory cells and mediators. Role of
inflammatory cells. The endothelial cell disruptions that
have been observed during over-inflation oedema in small
animals may allow direct contact between polymorphonuclear
cells and basement membrane. This contact may promote
leukocyte activation. As previously mentioned, the short dura-
tion of experiments conducted in small animals did not
allow massive leukocyte recruitment. A striking feature of
the VILI that occurs after several hours in larger animals
is the infiltration of inflammatory cells into the interstitial
and alveolar spaces. In one of the earliest studies on this
subject, WOO and HEDLEY-WHITE [59] observed that over-
inflation produced oedema in open-chest dogs, and that
leukocytes accumulated in the vasculature and macro-
phages in the alveoli. Further studies have confirmed these
results [60] and shown that high transpulmonary pressure
increased the transit time of leukocytes in the lungs of
rabbits [61]. Conversely, when animals are depleted in
neutrophils, high volume pulmonary oedema is less severe
than in nondepleted animals [62].

Role of inflammatory mediators. The participation of
inflammatory cytokines in the course of VILI has been the
subject of recent studies and is a matter of debate [63].
TREMBLAY et al. [64] examined the effects of different
ventilatory strategies on the level of several cytokines in
bronchoalveolar lavage fluid of isolated rat lungs ventilated
with different end-expiratory pressures and VT. High VT
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ventilation (40 mL?kg-1 bw) with ZEEP resulted in consider-
able increases in tumour necrosis factor (TNF)-a, interleukin
(IL)-1ß and IL-6 and in macrophage inflammatory protein
(MIP)-2 (a potent neutrophil chemoattractant and the rodent
functional homologue of human IL-8). Unfortunately, results
from this study have not been replicated by another group
using the same ex vivo lung model [65]. It is worth noting
that stretching in vitro human alveolar macrophages [66]
or A549 epithelial cells [67] did not lead to TNF-a release,
but did result in the release of IL-8. In vivo studies of intact
animals show that high volume mechanical ventilation that
produces a very severe pulmonary oedema does not induce
the release of TNF-a [65, 68]. Studies on TNF-a messenger
ribonucleic acid (mRNA) also yield conflicting results since
TAKATA et al. [69] showed large increases in TNF-a mRNA
in the intra-alveolar cells of surfactant-depleted rabbits after
1 h of conventional mechanical ventilation with peak inspira-
tory and end-expiratory pressures of 28 and 5 cmH2O (result-
ing in a mean airway pressure of 13 cmH2O) whereas in
the study by IMANAKA et al. [70] there was no increase
in lung tissue TNF-a mRNA of rats ventilated by high
pressure (45 cmH2O of peak inspiratory pressure).

The only mediator which is constantly found in the
different experimental studies is MIP-2 (or IL-8, depending
on the experimental model). The presence of this neutrophil
chemoattractant mediator in lungs subjected to high volume
ventilation is in agreement with the well documented recruit-
ment of neutrophils that occurs after long-term ventilation
[60, 71–73].

In addition to increasing the amount of cytokines in the
lung, it has been suspected that over-inflation during mechan-
ical ventilation may promote the release of cytokines [74, 75]
or bacteria [76, 77] into the blood, thus giving a causative role
for mechanical ventilation in multi-organ dysfunction [78, 79].
However, this hypothesis remains to be proven [80].

New insights in ventilator-induced lung injury: cellular
response to mechanical strain

Growing interest has focused on the cellular response to
mechanical strain and have been comprehensively reviewed
lately [81]. PARKER et al. [82] studied the different signal
transduction pathways that may be involved in the micro-
vascular permeability increases observed during experimental
VILI. They found that gadolinium (that blocks stretch-
activated nonselective cation channels) annulled the increases
in vascular permeability induced by high airway pressure [83].
The authors concluded that stretch-activated cation channels
might initiate the increase in permeability induced by mechan-
ical ventilation through increases in intracellular calcium ion
(Ca2z) concentration. To further explore this hypothesis,
the same team studied the effect of inhibitors of the Ca2z/
calmodulin-myosin light chain kinase pathway on vascular
permeability [84]. Using an isolated perfused rat model, they
showed that kinase inhibitors, which may prevent Ca2z entry,
contraction of the actin-myosin filaments or release of
adhesion proteins, could significantly attenuate the vascular
permeability increase induced by high pressure mechanical
ventilation [84]. Taken together, these results suggest that the
increase in microvascular permeability may not be a simply
passive physical phenomenon (a "stress failure" [85, 86]), but
the result of biochemical reactions. Maintenance of plasma
membrane integrity is essential in response to mechanical
stress. Recently, VLAHAKIS et al. [87] reported a previously
undescribed response of alveolar epithelial cells to deformation.
They labelled membrane lipids to study deformation-induced
lipid trafficking and observed in a direct manner (laser

confocal microscopy) the response of epithelial cells of the
alveolar basement membrane to deforming forces. A 25%
stretch deformation resulted in lipid transport to the plasma
membrane to ensure its integrity and an increase in epithelial
cell surface area. This lipid trafficking occurred in all cells, in
contrast with plasma breaks which were seen in only a small
percentage of cells. The authors concluded that deformation-
induced lipid trafficking serves, in part, to repair plasma
breaks in order to maintain plasma membrane integrity and
cell viability, and that this could be viewed as a cytoprotective
mechanism against plasma membrane stress failure seen
during VILI [10, 86]. Other investigators have focused on
the relative importance of deformation frequency, duration,
and amplitude in deformation-induced cell injury [88]. Expos-
ing rat primary alveolar epithelial cells to cyclic deformation
(25, 37 and 60% increase in membrane surface area (DSA)) led
to significantly greater cell death in comparison with static
deformation. To investigate the relative importance of peak
deformation magnitude, a cyclic deformation amplitude on
deformation-induced injury, cells were submitted to cyclic
deformation amplitudes of 12% and 25% DSA superimposed
on a static deformation of 25% DSA, thus resulting in a peak
deformation magnitude of 37 and 50% DSA, respectively.
Interestingly, authors found that limiting the deformation
amplitude resulted in significant reductions in cell death at
identical peak deformations. From these results, an analogy
can be drawn with experiments that showed a decrease in lung
injury when VT was reduced with a constant PEEP level, thus
reducing end-inspiratory lung volume [48].

Strategies to reduce ventilator-induced lung injury: use of
the pressure/volume curve

The ARDS network trial [6] has undisputedly shown that
reducing VT from 12 mL?kg-1 to 6 mL?kg-1 resulted in a 22%
reduction of mortality. Due to protocol, the same reduction
of VT was applied in all the patients allocated to the low VT

group. However, it has repeatedly been shown that the
pressure and the volume that are considered safe for some
ARDS patients may cause lung overdistension in others
[89–92]. Conversely, arbitrary settings may result in an
unnecessary reduction in VT, which a recent meta-analysis
has suggested as being potentially harmful [7]. It has been
suggested that information from the inspiratory P/V curve of
the respiratory system could be used to tailor ventilator
settings. For instance, the presence of an opening pressure
(LIP) could be used to adjust the PEEP [27–29]. In addition to
improving oxygenation, PEEP reduces the severity of VILI
[10] and may lessen the damage produced by the repeated
opening and closing of lung units in surfactant-depleted lungs
[31, 33]. However, PEEP may favour over-inflation if VT is
not reduced [2, 93]. It has been proposed that the VT be
adjusted according to P/V curve analysis by limiting end-
inspiratory pressures to below the decrease in slope seen at
high P/V, called the upper inflection point (UIP) [3, 91, 92].
The UIP often seen in patients with ARDS has been ascribed
to over-inflation [91, 92], or to the end of recruitment [94, 95]
during lung expansion. However, whether or not ventilator
settings that would result in P/V excursions above the UIP are
deleterious remains undecided, and has never been assessed
experimentally. The impact of pulmonary oedema and the
resulting decrease in ventilatable lung volume on the inspira-
tory limb of the respiratory system P/V curve has not yet
been evaluated. A better understanding of its significance is
required before the UIP can be used to set VT in patients. A
recent experimental study was designed to examine several
hypotheses [96]. The first was that, the reduction in ventilat-
able lung volume (the baby-lung effect) not only decreases the
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compliance of the lung [89, 97] but also affects the position of
the UIP. The second was that the development of oedema
alters the P/V curve essentially because of distal airway
obstruction. And the third was that individual characteristics
of the P/V curve reflect the susceptibility of the lungs to the
deleterious effects of high volume ventilation. The first two
hypotheses were tested by obstructing the distal airways of
rats by instilling a viscous liquid and by comparing the P/V
curves obtained to those obtained during hyper-inflation
ventilation of intact rats. The authors found that changes in
the shape of the P/V curve (gradual decrease in compliance
and volume at which the UIP was seen, and progressive
in end-inspiratory pressure) were very similar whether they
were due to viscous instillation into the lungs or due to the
development of overdistension pulmonary oedema. To test
the third hypothesis, P/V curves prior to mechanical over-
inflation were examined with respect to the amount of
pulmonary oedema induced by over-inflation in lungs injured
by ANTU. The authors found that the higher the compliance
and the position of the UIP before over-inflation, the less
oedema occurred after over-inflation. Taken together, these
results suggest that the position of the UIP is a marker of
ventilatable lung volume and is both influenced by and
predictive of the development of oedema during mechanical
ventilation.

Conclusion and clinical applications

The experimental concept of VILI has recently received a
resounding clinical relevance [6]. However, what might have
been seen as the final step in ARDS ventilatory strategy
knowledge (i.e. unilateral drastic VT reduction for every
ARDS patient) has very recently been shaken [7]. For the time
being and until further evidence, one may put forward the
following conclusions: 1) drastic VT reduction may not be
justified for every ARDS patient; 2) reasoned VT reduction,
designed to avoid volutrauma, may be guided by the state
of lung mechanical properties as can be provided by the
respiratory system P/V curve, in order to avoid excessive or
insufficient VT reduction; and 3) use of high levels of PEEP is
not to date justified.

Evidence-based ventilatory management of adult respiratory
distress syndrome is a difficult art, luckily basic physiology is
still there to help clinicians [38, 63, 98, 99].
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