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13.1 Introduction

The vast majority of critically ill patients undergo invasive mechanical ventilation
(MV) during their stay in the intensive care unit, and patients with ARDS are almost
invariably managed by invasive mechanical ventilation. Despite extensive research
over nearly half a century, no effective pharmacological therapies exist for ARDS,
and supportive care with mechanical ventilation remains the cornerstone of treat-
ment [1]. Indeed, mechanical ventilation, per se, does not substitute the function of
the lungs: indeed, it is a substitute for the activity of respiratory muscles. Moreover,
mechanical ventilation is a procedure that aims to improve the gas exchange, and,
since it does not act either on the etiology or on the pathophysiology of ARDS, it is
a measure to buy time for healing to take place [2]. On the other side, mechanical
ventilation is not devoid of side effects and, namely, the hemodynamic instability
secondary to the increased intrathoracic pressures and the mechanical trauma to the
lung structure. Indeed, mechanical ventilation can further damage the lung, activat-
ing a biological inflammatory response and promoting the development of the so-
called ventilator-induced lung injury (VILI). The present chapter will focus on the
latter aspect, i.e., VILIL. The classic distinction among factors related to the lung
parenchyma, factors related to the mechanical ventilator, and extrapulmonary fac-
tors will be employed to classify the causes of VILI. The recently introduced theory
of mechanical power, as a unifying hypothesis for all the mechanical ventilator-
associated causes, will also be presented and discussed.
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13.2 The Concept of VILI

VILI arises from repeated application of high mechanical forces that either directly
tear a weak tissue or initiate a signaling process that culminates in a pro-inflammatory
state [3], in the context of an altered lung and in the presence of extrapulmonary fac-
tors which may potentially increase the damage. Soon after the times in which inva-
sive mechanical ventilation was effectively introduced as a supportive therapy, i.e.,
the 1952 polio epidemic in Denmark, the potential harm from mechanical ventilation
was noted and started to raise concerns, as the term “respirator lung syndrome” [4]
was used to label the injury observed in ventilated patients. It was then discovered
how mechanical ventilation itself could cause a structural damage to the lung, char-
acterized by diffuse alveolar infiltrates and hyaline membranes that were found on
postmortem examination [5], although the major factor causing injury was thought to
be the high fractional concentrations of oxygen used in many ventilated patients.

Webb and Tierney [6] conducted one of the first comprehensive studies in intact
animals, unambiguously demonstrating that mechanical ventilation can cause pul-
monary edema. In their seminal investigation, the authors ventilated rats with very
high peak airway pressures (and therefore overdistention) and zero positive end-
expiratory pressure (PEEP). Hypoxemia developed in the animals, and postmortem
examination revealed perivascular and alveolar edema. Edema did not develop in
animals that underwent ventilation with the same peak airway pressure but with the
addition of a PEEP of 10 cm of water, showing an interaction between overdisten-
tion and low end-expiratory lung volume with respect to lung injury.

Although the term used throughout this chapter is VILI, the mechanisms of
injury are related to factors which can also occur during spontaneous ventilation.
Indeed, in their proof-of-concept investigation, Mascheroni et al. [7] injected
sodium salicylate into the cisterna magna of spontaneously breathing, otherwise
healthy sheep, causing a marked increase in minute ventilation and alveolar overdis-
tention with each breath. All the animals developed hypoxemia, along with an
increased respiratory elastance and severe morphologic pulmonary alterations at
postmortem examination, consistent with lung injury commonly observed during
mechanical ventilation. Indeed, such effects did not develop in animals that were
similarly treated with sodium salicylate, but underwent controlled ventilation which
prevented unsafe lung stretching. Hence, a better term than VILI might be
ventilation-induced lung injury. Nevertheless, experimental evidence provides con-
sistent laboratory observations and clinical trials regarding the factors which, alone
or in conjunction, lead to the development of VILI. As a consequence of adverse
patterns of ventilation, both airway and alveolar injury occur, causing a damage that
prevails in anatomically dependent zones. Indeed, VILI can resemble ARDS itself,
and it is often difficult to diagnose in humans because its appearance can be similar
to the underlying disease for which MV was instituted [8].

The consequences of our better understanding of the mechanisms related to VILI
are significant in terms of lives saved. Indeed, the incidence and mortality of ARDS
have declined steadily over the past decades. A pivotal study by Li et al. [9] found
that the decline in the incidence was primarily due to a decrease in nosocomial
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ARDS. Moreover, as documented by the first trial of extracorporeal membrane oxy-
genation, the mortality rate of patients with ARDS was close to 90% in the late 1970s
[10]. Mortality in studies of ARDS has then fallen impressively from 48 to 59%
between 1983 and 1991 to 25-26% since 2000 [11], and data from patients enrolled
in the ARDS Network randomized controlled trials document a further significant
trend toward improvement in mortality during the following period [12]. It is tempt-
ing to believe that, among the several major advances in critical care practice, the
widespread use of lung-protective ventilation and a reduced incidence of VILI may
significantly have contributed to this trend. Indeed, although it still remains unclear
how inflammatory mediators exert their detrimental effects on distal organs, experi-
mental studies and clinical trials in ARDS have shown that the application of protec-
tive ventilator strategies is associated with decreased serum cytokine levels [13],
decreased extrapulmonary organ dysfunction [14], and decreased mortality [15].

13.3 Factors Related to Development of VILI

For an injury secondary to mechanical ventilation to develop, an interaction among
different factors need to occur, in particular between what the ventilator delivers to the
lung parenchyma and how the lung parenchyma accepts it, that is, the combined
action of mechanical forces, lung pathoanatomy, and non-ventilatory characteristics
[16]. In other words, one can identify factors related to the mechanical ventilator (i.e.,
the way that pressures and volumes are delivered), as well as factors related to the lung
(such as decreased lung dimensions, increased lung inhomogeneity, presence of stress
risers, and cyclic collapse and decollapse). Dynamic characteristics, such as respira-
tory frequency, flow rate, and strain rate, have recently been emphasized as key deter-
minants of whether the “static” variables may or may not inflict injury [17, 18]. In
addition to direct structural damage, mechanical stretch can trigger a complex array of
inflammatory mediators associated with activation of the immune response, further
adding to injury and potentially causing remote injury to other organs, which may
result in multiple system organ dysfunction and ultimately in death; this is termed
“biotrauma” [19]. Moreover, extrapulmonary factors such as perfusion, pH, gas ten-
sions, and temperature may play a role in the development of VILIL

13.4 Lung-Dependent Factors of VILI: Stress, Strain,
and Stress Raisers

The logical sequence of events in progression of VILI caused by inappropriate mechan-
ical ventilation would seem to be mechanical damage to pulmonary tissue caused by
excess stress- induced strain as the primary injury, followed by biotrauma in response
to physical damage caused by excessive strain [20, 21]. Gattinoni’s group applies engi-
neering concepts as a novel approach to analyze the pathologic impact of mechanical
ventilation on normal pulmonary tissue and to determine what adjustments in the
mechanical breath can block progressive acute lung injury and thus reduce ARDS
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incidence [22, 23]. In their most recent paper, their goal was to identify the volumetric
threshold for VILI and determine if PEEP was directly or indirectly protective in nor-
mal pigs [24]. Unlike many experiments in which the role of tidal volume (TV), pla-
teau pressure (P,,), and PEEP were correlated with VILI, the authors analyzed the
mechanism of VILI under two main categories with two respective subcategories: (1)
global strain (dynamic and static strain) and (2) energy load (dynamic and static) within
the volumetric constraints of the lung, which is the inspiratory capacity.

Strain is the response to an applied stress, which in the case of the lung are TV
and PEEP. Thus, global strain is the result of TV + PEEP volume. Dynamic strain is
the amount the volume change caused by the TV over the functional residual capac-
ity (FRC), and static strain is the volume change from PEEP over the FRC. Global
energy load is a combination of the static component due to PEEP (conceptually
equivalent to potential energy) and the dynamic cyclic component due to the driving
pressure, defined as TV above PEEP (conceptually equivalent to kinetic energy).

Stress and strain are frequently used terms to describe the effect of external force
acting on a subject. Stress is defined as the internal distribution of forces per unit of
area of a specific material by an external force. The resulting change in shape of the
material by the stress applied is called strain. Lung stress describes the distribution
of forces due to PEEP and tidal volume, whereas strain describes the resulting
change in lung volume. Calculations of strain require measurements of
FRC. Traditional FRC measurements needed tracer gases such as helium, and
expensive and bulky equipment [25] and modern device use the nitrogen multiple
breath washout technique [26]. For the calculation of stress, the specific elastance
should be known, or transpulmonary pressure measurements are required.

Ultimately, this mechanical insult results in the release of inflammatory media-
tors that exacerbate the primary mechanical damage resulting in a secondary bio-
trauma as mentioned above [27]. These studies are supported by physiological
evidence that high static strain, which should be sufficient to cause overdistension-
induced tissue damage, is benign unless this strain is dynamic [28]. However, if
PEEP is reduced, thereby creating excessive dynamic strain, significant lung dam-
age will occur at the identical peak static strain. Thus, it appears that dynamic strain,
or atelectrauma, is the primary mechanical mechanism of injury to the pulmonary
parenchyma. Volutrauma is also important because it can cause stress failure in
small airways leading to pneumothoraces, but it does not cause pulmonary edema
or histopathology to the pulmonary parenchyma.

More recently, another mechanical VILI mechanism has been identified.
Evidence has shown that the damage to the pulmonary parenchyma can be caused
by heterogeneous ventilation, which occurs at the junction between collapsed or
edema-filled alveoli and air-inflated alveoli [29]. This heterogeneity causes stress
concentrators that can significantly magnify the amount of alveolar and alveolar
duct strain for any given stress and thus appears to be another mechanism of
mechanical injury to the pulmonary tissue [30]. The main pathological cause for
both heterogeneous ventilation and altered alveolar and small airway mechanics is
airway flooding with edema fluid and altered surfactant function. Ventilator-induced
loss of surfactant function exacerbates edema formation [31]. This leads to alveolar



13 Ventilator-Induced Lung Injury 205

instability, which increments in vascular permeability, causing more edema and
deactivating more surfactant in a cycle that repeats until established ARDS is recog-
nized [32]. However, if a mechanical breath can be preemptively applied to main-
tain homogeneous lung ventilation (eliminate stress concentrators) and prevent
alveolar collapse and reopening during ventilation (eliminate dynamic strain), it
would ameliorate all components of the pathological tetrad and theoretically reduce
ARDS incidence. Thus, physiological evidence suggests that progressive VILI may
be blocked by applying a preemptive mechanical breath directed to maintain homo-
geneous lung inflation and not allowing alveoli to collapse during expiration.

13.5 Ventilator-Dependent Factors

It is now known, in general terms, that the mechanisms of VILI are alveolar over-
distension (volutrauma), alveolar instability leading to alveolar collapse and reopen-
ing with each breath (atelectrauma), and the secondary inflammation caused by
these mechanical injuries which is known as biotrauma [9].

Times ago, Lachmann [33] proposed that the optimal lung-protective strategy
would be to “open the lung and keep it open.” He hypothesized that heterogeneous
lung inflation, which is a hallmark of ARDS pathology, plays a major role in driving
mechanical ventilation-induced progressive acute lung injury. The corollary to this
hypothesis is that keeping the lung open would result in a homogeneously ventilated
lung, minimizing VILI and reducing ARDS mortality. If the approach of opening
the ARDS lung and keeping it open can significantly reduce injury, then protective
mechanical ventilation should be applied early in patients at a high risk of develop-
ing ARDS, in an attempt to “never let the lung collapse” and significantly reduce
ARDS incidence [34]. As we will see in the next paragraphs, barotrauma, volu-
trauma, atelectrauma, and biotrauma are considered as undisputable truth and rep-
resent the background for the development and universal acceptance of the so-called
lung-protective strategy.

13.5.1 Barotrauma and Volutrauma

Barotrauma was the first to be recognized as a form of stress at rupture, leading to
pneumothorax, pneumoperitoneum, pneumomediastinum, and subcutaneous
emphysema [35]. Although most frequently encountered in patients with the ARDS,
it can occur in any patient receiving mechanical ventilation [14]. In addition, baro-
trauma can occur in patients with a wide range of underlying pulmonary conditions
(i.e., asthma, chronic obstructive pulmonary disease, interstitial lung disease, pneu-
mocystis pneumonia). In clinical medicine, barotrauma is used to describe the man-
ifestations of extra-alveolar air during mechanical ventilation. Early descriptions of
barotrauma refer to rupture of the lung after forceful exhalation against a closed
glottis [27]. Although nonmechanically ventilated patients may have barotrauma,
most cases occur in patients receiving mechanical ventilation.
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The clinical presentation can vary, ranging from absent symptoms with the sub-
tle radiographic findings of pulmonary (or perivascular) interstitial emphysema to
respiratory distress or cardiac arrest due to a large tension pneumothorax [36]. Other
manifestations include subcutaneous emphysema, pneumopericardium, pneumo-
mediastinum, and even pneumoperitoneum, singly or in combination. Barotrauma
was once the most frequent and easily recognized complication of mechanical ven-
tilation. It is now evident, however, that barotrauma represents only one of the
mechanisms underlying the broad category of VILI. As the term suggests, the lung
injury associated with barotrauma is mediated by increased alveolar pressures.

It is important to recognize that lung involvement in persons with ARDS is het-
erogeneous and that some portions of the lungs are more adversely affected than
others. This involvement can lead to misdistribution of mechanically delivered tidal
volume, with some alveoli subjected to more distention than others. Pressures
between adjacent alveoli may initially equilibrate, but alveolar pressures eventually
increase, creating a pressure gradient between the alveoli and adjacent sheath. This
gradient may result in rupture of the alveoli adjacent to the perivascular sheath and
proximal dissection into the mediastinum (i.e., interstitial emphysema) [37]. In this
circumstance, alveolar air is further decompressed by dissecting along lines of least
resistance. These pathways include subcutaneous tissues, where the air produces
subcutaneous emphysema, or along tissue planes, resulting in pneumopericardium,
pneumoperitoneum, or subpleural air cysts. In the mediastinum, air can track along
tissue planes, creating a pneumomediastinum, whereas increased pressures that rup-
ture through the mediastinal pleura produce a pneumothorax. This is the most
dreaded manifestation of barotrauma, and continued accumulation of air during
mechanical ventilation can progress to a tension pneumothorax, sometimes with
catastrophic consequences [38]. In view of the preceding description, alveolar over-
distention is the key element in the development of barotrauma. In this sense, “baro-
trauma” is a misnomer, because the term suggests the presence of elevated pressures
in its pathogenesis. Current concepts suggest that high tidal volume ventilation pro-
duces the alveolar disruption that triggers the aforementioned chain of events.

Therefore, VILI seen with high tidal volume is most accurately termed “volu-
trauma’ [3], and it has been the basis for recent clinical trials that have established
a low tidal volume approach to mechanical ventilation. On the other hand, transal-
veolar pressure, a measure of alveolar distention, provides another indication of the
risk of barotrauma. The concept is the same, with overdistended alveoli leading to
disruption in the alveolar epithelium and decompression of air as previously out-
lined. Although there has been some debate about the primary force that causes
injury, both volume and pressure are two sides of the same coin — the transpulmo-
nary pressure, the difference between airway pressure (P,,) and pleural pressure
(Py1) [39]. In fact, the airway pressure is the pressure required to distend to the same
extent not only the lung but also the chest wall. When the chest wall is free to
expand, the pleural pressure is relatively low but high airway pressures are now
associated with high transpulmonary pressures that may lead to a lung structural
damage. In other words, for a given airway pressure, the development of VILI will
depend on the resulting transpulmonary pressure. Chiumello et al. [20] recently
demonstrated that a specific lung elastance is present in subjects with healthy lungs
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as well as in patients with ARDS. This means that even during lung injury, barotrau-
mas (stress) and volutrauma (strain) bear the same constant relationship observed in
normal subjects. The distinction between volutrauma and barotrauma then vanishes
where at the cellular level, stretching the lung beyond its capacity ruptures alveolar
cell membranes [40], and the resulting cell death induces inflammation. Moreover,
subtler injuries to the cytoskeleton or extracellular matrix trigger inflammation
through intracellular signals [41].

13.5.2 Atelectrauma and PEEP Effects

The second mechanism of injury, cyclic changes in non-aerated lung, was deduced
from the observation of lung injury during ventilation with low end-expiratory lung
volume (EELV) or in the absence of PEEP. In this case, the mechanisms at the cel-
lular level are less clear. Air bubbles flowing through a collapsed or fluid-filled air-
way might induce damage to the epithelium by VILI consists of tissue damage and
a biological response resulting from the application of inappropriate mechanical
forces to the lung parenchyma [42].

Parenchymal stability resulting from the interplay of respiratory parameters such
as tidal volume, PEEP, or respiratory rate can explain the results of different clinical
trials and experimental studies that do not fit with the classic barotraumas/volu-
trauma model. A consequence of low EELV can be a heterogeneous lung where that
the forces exerted on alveolar walls or septa in the interfaces between collapsed and
aerated lung tissues can be amplified, leading to cell injury [43]. The application of
PEEP is almost invariably associated with a decrease in VILI in different experi-
mental models of lung injury, such as high TV ventilation or surfactant depletion
[44, 45]. The focus of investigative attention regarding VILI has been on the indi-
vidual tidal cycle — as defined by PEEP and tidal volume. However, it stands to
reason that the number of damaging cycles delivered per unit time (closely corre-
lated with minute ventilation, independently of mode) would accentuate the injury
inflicted by the individual tidal cycle [46].

PEEP tends to reduce the number of lung units placed at high risk by critical
junctional interfaces between expanding and reluctantly expanding tissues. For the
same tidal volume, PEEP also elevates the mean airway pressure and with it the
average tissue stress. In the absence of compensatory recruitment or reduction in
tidal volume, PEEP therefore also tends to increase right ventricular afterload.
Without a simultaneous reduction in driving pressure, raising PEEP will place the
lung at higher risk for stretch-related injury. Tidal volume itself may not injure the
ventilated lung, but rather, the causative variable relates to the ratio of the tidal vol-
ume to the capacity of the lung to accept it [47]. The transalveolar pressure and the
swings of transalveolar pressure (transalveolar driving pressure) determine the
damaging energy forces imparted to delicate tissue [48].

Experimental designs combining high PEEP with low TV make it impossible
to clarify the contributions of each factor to the outcome. In intact lungs PEEP
reduces VILI. One study showed that adding PEEP in intact rats ventilated with
very high TV could reduce injury [44], and a randomized trial showed in patients
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without lung injury that ventilation with PEEP did not worsen outcome, but
improved oxygenation and decreased the risk of ventilator-associated pneumonia
[49]. The effect of TV on healthy lungs is also controversial. A classic experiment
from Mascheroni and colleagues [7] demonstrated that, even in spontaneously
breathing animals, chemically induced hyperventilation could trigger substantial
lung damage. This work highlights the importance of tissue deformation, repre-
sented by increased transpulmonary pressures, even during negative pressure ven-
tilation (absence of high alveolar pressure, more homogeneous inflation).

Low EELV has proved safe in both animals and patients, and this approach has
sometimes been termed permissive atelectasis. In a recent study using an isolated
lung model, Fanelli and colleagues [50] demonstrated that permissive atelectasis
caused the same amount of lung injury as the open lung strategy and only subtle
differences in apoptosis and ultrastructural changes favoring the open lung strategy.
In the clinical setting, mortality rates in descriptive studies for patients managed
with a low-pressure strategy are similar to those in clinical trials [51]. Taken
together, these data contradict the volutrauma/atelectrauma model, suggesting that
other mechanisms could be responsible for VILI.

13.5.3 Biotrauma

The concepts of VILI already discussed are based on the biophysical injury induced
when applied forces cause mechanical destruction of the anatomical lung structure.
Alveolar overdistention, lung strain (the associated deformation of a structure to an
external load in relation to its resting state), and atelectasis are key inciting features of
VILI. However, numerous studies have demonstrated that there can be a more subtle
form of injury, with release of various mediators into the lung, pulmonary recruitment
of leukocytes, and local initiation of inflammatory processes. This biological response
to mechanical forces has been called “biotrauma” [19, 27]. The biotrauma hypothesis
postulates that the circulating mediators can cause local lung injury, and if they trans-
locate into the systemic circulation, they may lead to distal organ dysfunction and
death [52]. One of the pioneristic papers that investigated the effects of mechanical
ventilation in an animal model [13] found that isolated nonperfused rat lungs venti-
lated for 2 h with large tidal volumes without PEEP had large increases in lavage
concentrations of tumor necrosis factor (TNF)-a, interleukin (IL)-1b, IL-6, and mac-
rophage inflammatory peptide 2. The potential for ventilation-induced inflammation
in humans was examined in patients with ARDS who were randomized to receive
traditional or lung-protective ventilation [14]. BAL and plasma concentrations of sev-
eral pro-inflammatory cytokines were lower in patients receiving protective ventila-
tion, as were other indices of plasma and alveolar fluid inflammation, compared with
patients receiving traditional tidal volumes and lower PEEP.

The main concept of these observations is that the healthy lung is a homoge-
neously ventilated organ that is structurally resistant to mechanical damage during
ventilation. The shared walls of each alveolus with a two-fiber support system (i.e.,
the axial system anchored to the hilum and extending into the alveolar ducts and the
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peripheral system anchored to the visceral pleura distending into the central portion
of the lung) are structurally very stable and resistant to either overdistension or col-
lapse. As mentioned before, the concept of this alveolar interdependence was first
introduced by Mead [43] and describes the structural mechanisms by which alveoli
resist either collapse or hyperinflation. In addition, they also demonstrated how het-
erogeneous collapse of alveoli created stress concentrators in the areas between
open and collapsed alveoli. These stress concentrators greatly amplify the mechani-
cal damage to tissue in the transitional zone between open and collapsed or edema-
filled alveoli [31].

Figure 13.1 summarizes the different pathophysiologic steps of lung injury
developing as a consequence of barotrauma/volutrauma, atelectrauma, and bio-
trauma. Table 13.1 summarizes the most relevant studies which investigated the
pathophysiology of VILI.
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Fig. 13.1 From barotrauma/volutrauma to biotrauma. Ventilator-induced lung injury progresses
from the primary mechanical injury to secondary atelectrauma, encouraged by both barotrauma
and volutrauma. Atelectrauma resulting from alveolar interdependence is showed in panel 3,
where at the interface between collapsed/consolidated (A) and overdistended lung units, the tissue
may be injured by excessive shear stress and stretching caused by the uneven expansion of sur-
rounding zone (C). Panel 4 shows the stress concentration between an air-filled and edematous
alveolus (a model of forces between air-filled and air-filled alveoli where all forces are in balance —
A; a model of forces between an air-filled and edematous alveolus where a greater pressure drop
across the alveolar interface causing and excessive strain). The progression of lung damage is seen
through inflammatory mediators (panel 5), eventually resulting in distal tissue damage. Mechanical
stretch impairs alveolar epithelial integrity, causing a loss of tight junction structure and cell
attachment associated with a production of pro-inflammatory cytokines
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13.6 Mechanical Power

Very recently, a new way of looking at the ventilator side of VILI, i.e., the mechani-
cal power, has been introduced [18] . According to this approach, every ventilator
component already known to be associated with the development of VILI (tidal
volume, driving pressure, respiratory rate, inspiratory-to-expiratory ratio and flow),
with the addition of the effect of PEEP, contributes, each one to his proper extent, to
the total amount of energy delivered to the respiratory system (and hence to the
lung). The mechanical power concept does not introduce any new component to the
field of ventilator-related causes of VILI; instead, it proposes and validates a math-
ematical description of machine power responsive to the relative contributions of its
bedside-adjustable components. Starting from the classical equation of motion, an
equation was developed that enables to calculate the mechanical power by some
easily obtainable ventilator variables [53]. In fact, the initial trigger of stress and
strain is the force applied to the lung extracellular matrix times its displacement,
which equals the product of pressure times delta-volume. The cyclic energy loads
applied at a given frequency (power) then triggers the development of VILI, which
may be seen in this context as a sort of “fatigue” of the extracellular matrix [24]. If
the lung is subject to an “excess” of energy, the unrecovered energy may be expected
to be sufficient to break the molecular bonds of the polymers of the extracellular
matrix [54, 55], to detach endothelial [56] and epithelial [57] cells from the base-
ment membrane, and to fracture the capillary walls [58]. Alteration of the extracel-
lular matrix, combined with capillary micro-fractures, may then activate an
inflammatory reaction [59] and micro-hemorrhage, leading to the extracellular
edema typical of VILI.

Indeed, the tidal change in lung volume is associated with a cyclic energy load
delivered by the ventilator to the respiratory system. The energy load to the respira-
tory system (Fig. 13.2) is composed of a static component, due to PEEP and PEEP
volume (conceptually equivalent to potential energy), and a dynamic cyclic compo-
nent, due to driving pressure and tidal volume above PEEP (conceptually equivalent
to kinetic energy), plus the additional, resistive and inertial component generated by
the pressure spent for gas movement, the surface tension forces, and tissue resis-
tances to motion. Energy is equal to the pressure applied times the change in vol-
ume, summed along the inspiratory volume-pressure curve. In contrast, once PEEP
is applied, no further cyclic energy load is imposed on the system, as the volume is
constant. As a matter of fact, PEEP plays a complex role in the context of the energy
provided by the ventilator, as it provides increased continuous tension to the extra-
cellular matrix which then accumulates potential energy. Further energy is added
when cyclic tidal ventilation is superimposed to reach a given end-inspiratory vol-
ume. Therefore, if the end-inspiratory volume is the same, with or without PEEP,
the energy is lower in the presence of PEEP than without it. Computed in this way,
the energy/power load provided a single explanation of the different phenomena
related to development of VILIL

In a recent paper, Gattinoni et al. [60] demonstrated how the “power equation,”
as derived from the classical equation of motion with the addition of PEEP (while
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Fig.13.2 Mechanical power and mechanical power equation. Mechanical energy provided during
tidal ventilation and graphical representation of the power equation. The graphic is composed of a
triangle on the lower left-hand side of the image, representing the elastic static component, i.e., the
energy delivered just once when PEEP is applied, and of a larger trapezoid, representing the elastic
dynamic component, whose area equals the elastic energy delivered at each tidal breath, to which
a parallelogram is added on the right, representing the resistive component

inertial forces were neglected), proved to yield comparable values of mechanical
power when compared to data obtained experimentally through the pressure—vol-
ume curve analysis. The advantage of such a mathematical description of the
mechanical power is that it enables the quantification of the relative contribution of
its different components, thus allowing to anticipate the effects of their changes.

As far as mechanical ventilation is provided with PEEP, the static energy to reach
the PEEP volume corresponds to the triangle equal to 1/2 x PEEP x PEEP volume.
However, this energy is provided only once (as long as the same amount of PEEP is
maintained), since during tidal ventilation the PEEP volume equals zero. However,
in the presence of PEEP, more energy is required to inflate the lung. The energy
needed for TV to reach P,, corresponds to the trapezoid equal to (peak
pressure — PEEP) x TV/2 + (PEEP x TV).
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From the classical equation of motion in which PEEP is also considered [61], at
any given time, the pressure (P) in the whole respiratory system is equal to

P=TV-E_+R,, -V, +PEEP

where E is the respiratory system elastance, R,, is the total respiratory system
resistance, and V; is the inspiratory flow.

The energy provided by the ventilator per breath can be calculated by multiply-
ing each pressure in the motion equation by the volume variation (i.e., TV); after
substituting V; with TV/T;,, (the inspiratory time) and then expressing T, as a
function of respiratory rate (RR) and inspiratory-to-expiratory (I:E) ratio and con-
verting the value to J/min, the following equation may be derived:

1+1:E
POWER =0.098-RR -TV? (Em ~l+RR ( )

.~ R, |+TV-PEEP
2 60-1:E

In the same paper [60], the authors demonstrated how, both in patients with
healthy lungs and in patients with ARDS, the mechanical power measured directly
through the pressure—volume curve analysis was strictly correlated with the one
computed via the power equation.

Recently, in a secondary analysis of patients enrolled in two previously pub-
lished randomized controlled trials [62], Guerin and colleagues [63] found how
mechanical power (computed as DP x TV x RR, where DP is the airway driving
pressure) was higher in ARDS non-survivors than in survivors. A dose—response
effect was found, with higher values of power associated with increased mortality,
and a threshold of 12 J/min was identified, which was associated with significant
distinct probabilities of survival. Despite the equation proposed by the authors is
simpler than that derived from the equation of motion, it represents only the product
of respiratory rate times twice the dynamic energy component due to tidal volume,
thus neglecting both the role of PEEP and that of the resistive load.

Since VILI originates from the interaction between the mechanical power trans-
ferred to the ventilable lung parenchyma and the anatomo-pathological characteris-
tics of the latter, it is possible that different combinations of the components of
mechanical power, resulting in a value greater than a given threshold, may produce
similar damage. This was recently confirmed by animal experiments in which dif-
ferent combinations of tidal volume and respiratory rate were applied to detect the
threshold for VILI [18]. The authors found how up to a mechanical power of
approximately 12 J/min, the computed tomography scans showed mostly isolated
densities, whereas when mechanical power was above the 12 J/min threshold, all
piglets developed whole-lung edema.

Since airway pressure represents the pressure applied to the respiratory system
as a whole, its interpretation is influenced by alterations in the mechanical proper-
ties of the chest wall [20, 64]; a more informative parameter could be the computa-
tion of the mechanical power selectively applied to the lung, either via the
transpulmonary pressure—volume curve analysis or via a rearrangement of the equa-
tion of motion. The mechanical power delivered to the lung (POWER)) implies the
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use of the transpulmonary pressure (P)) instead of airway pressure at Py, and at
PEEP. The relationship between P, and P,, (either P, or PEEP) is expressed by
P, =P,, x (E/E,), where E| is the elastance of the lung [65].

Therefore, substituting in the equation:

60-1:E

rs

1+1:E
POWER, =0.098~RR-{TV2 [%El -+RR~Q-RHWJ+TV-PEEP-§}

Eventually, it must be stressed that the mechanical power is just one part of the
problem. The other part is represented by the lung’s conditions. The same mechani-
cal power may have different effects depending on dimensions of the lung, the pres-
ence of inhomogeneity, the extent of the stress risers, and the vessels’ filling state,
all factors which condition an uneven distribution of the delivered energy. Therefore,
to be clinically meaningful, the mechanical power must be normalized, at least to
the lung volume [66].

13.7 Extra-Parenchymal Factors

Nonmechanical background factors have repeatedly been proven important in the
process of VILI generation, and, for any given ventilation pattern that applies poten-
tially damaging stress, they may determine whether or not VILI is expressed [67].
These background factors, which may synergize with each other, include the prein-
jury and inflammatory state, the temperature at which ventilation occurs [68, 69],
the amplitudes of vascular pressures and flows [56, 70], PaCO,/pH [71, 72], and
FiO, [73, 74].

In an experimental study aimed at investigating whether thermal stress could
modulate the development of VILI, Suzuki et al. [68] randomized three groups of
anesthetized rabbits to be ventilated for 2 h at core body temperatures of 33, 37, or
41° while ventilated with a noninjurious or a potentially injurious strategy. The
hyperthermic group compared with the hypothermic animals developed a signifi-
cantly higher degree of hypoxia and had increased lung edema and an altered pres-
sure—volume relationship. To correct for potential effects arising from cardiac
output fluctuations or from extrapulmonary organs, an isolated lung model was
used for a confirmatory study, with similar findings. In a similarly designed study
on rats, Akinci et al. [69] found how concomitant hyperthermia increased systemic
inflammatory response, as assessed by higher levels of serum chemokines and
cytokines, and a worse histology, during an injurious, high-pressure ventilation
strategy.

Despite the great majority of studies of VILI which have specifically investi-
gated the airspace mechanics, i.e., factors as tidal volume, plateau pressure, and
PEEP, one must consider that the pulmonary alveolus is an interface between gas
and blood. Indeed, because the intraluminal pressures applied to the airway epithe-
lium also impact on the vascular endothelium, the potential for pressures and flows
within blood vessels to influence the development and/or evolution of VILI has
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also been taken into account. The vascular structure of the pulmonary circulation
is composed of both intra-alveolar and extra-alveolar vessels, whose behavior dur-
ing lung inflation is fundamentally different. In fact, inflation compresses wall-
embedded capillaries but dilates extra-alveolar microvessels. Under the
high-permeability conditions of ARDS, even small increases in pulmonary micro-
vascular pressure lead to increased edema formation. Moreover, unlike in health
tissue in which the blood—gas barrier is intact, there is no clear pressure threshold
for edema formation in the lung tissue of ARDS patients [75]. It is a well-known
phenomenon that mechanical forces that tear the delicate alveolar—capillary mem-
brane can originate on either side of the boundary, when the application of adverse
ventilatory patterns to previously healthy lungs not only causes formation of pro-
teinaceous edema, but it also stimulates neutrophil aggregation and hemorrhage
[76]. The complementary issue, that is, the vascular contribution to VILI, was
investigated in a series of studies conducted by the group of Marini using isolated,
ventilated, and perfused lungs. When isolated rabbit lungs were exposed to perfu-
sion levels that were equivalent to greater or less than the normal resting blood flow
of in vivo animals, while ventilated with airway pressures that proved damaging
in vivo, the authors demonstrated that perfusion amplitude contributed to the
reduced lung compliance and promoted both lung edema and hemorrhage [77]. In
a subsequent experiment [78], the authors found a significant relationship between
the magnitude of pulmonary arterial pressure and the length of time over which it
was sustained with the extent of VILI. Subsequent studies showed how lungs
exposed to cyclic elevations in pulmonary artery pressure in the absence of ventila-
tion formed less edema and exhibited less perivascular and alveolar hemorrhage
than did ventilated lungs exposed to similar peak and mean pulmonary artery pres-
sures and mean airway pressure [70]. Taken together, the studies demonstrated that
when the mechanical stresses of the tidal cycle are high, an increase in precapillary
vascular pressure or a reduction in postcapillary vascular pressure each could influ-
ence the severity of VILI inflicted by an unchanging adverse pattern of ventilation
[56]. These observations imply that the gradient of transalveolar vascular pressure
may be instrumental in inflicting damage when airway stresses are high. Figure 13.3
shows the possible mechanisms by which hemodynamic parameters may induce or
exacerbate VILI.

In an attempt to reduce the total amount of stress delivered by the mechanical
ventilator, a strategy of reduced minute ventilation has long ago been suggested
[79], which was generally associated with increased carbon dioxide retention and
hypercapnic acidosis. Indeed, experiments by Sinclair and coworkers [80] and by
Broccard and colleagues [81] strongly indicate that the generation of hypercapnic
acidosis may exert a protective effect on the severity of VILI. More recent preclini-
cal data still confirm the protective effects of therapeutic hypercapnia initiated con-
currently with injurious ventilation in an in vivo model of VILI [72]. The beneficial
effects of such hypercapnic acidosis in reducing the extent of VILI are increasingly
well understood and include attenuation of lung neutrophil recruitment, pulmonary
and systemic cytokine and eicosanoid concentrations, cell apoptosis, and oxygen-
derived and nitrogen-derived free radical injury [71].
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Fig. 13.3 Possible mechanisms by which pulmonary vascular hemodynamic parameters may
incite or exacerbate ventilator-induced lung injury (VILI). Microvascular strain may be amplified
at the junctions of open and closed lung units (CO cardiac output, Pla left atrial pressure, PAP
pulmonary artery pressure)

The deleterious effects of hyperoxygenation are increasingly being recognized in
several fields of intensive care medicine [82], to the extent that less aggressive
approaches to oxygen supply have recently been suggested, even to not providing
any supplemental oxygen, in several acute care settings, such as resuscitation of
asphyxiated newborns, during acute myocardial infarction or after stroke or cardiac
arrest [83]. Indeed, a recent trial showed how a conservative protocol for oxygen
therapy vs conventional therapy resulted in lower mortality in a heterogeneous pop-
ulation of mechanically ventilated critically ill patients [84]. Experimental evidence
points to the detrimental role of hyperoxia as a contributing factor to the develop-
ment of VILL In a laboratory investigation aimed at assessing whether hyperoxia
could exacerbate lung injury caused by an injurious mechanical ventilation strategy,
Sinclair and colleagues [73] found how hyperoxic animals, as compared to nor-
moxic ones, had significantly reduced oxygenation and increased lung injury scores.
Hyperoxia also significantly increased alveolar—capillary permeability and poly-
morphonuclear leukocytes and inflammatory mediator concentrations in bronchoal-
veolar lavage fluid. Similar results were found by Li et al. [74], who investigated the
mechanisms regulating the interaction between injurious ventilation and hyperoxia.
In their experiments, the authors found how the addition of hyperoxia to an unsafe
ventilation strategy increased lung cytokine production, neutrophil infiltration by
upregulation of the cytokine macrophage inflammatory protein-2, and apoptotic cell
death through activation of the JNK and ERK1/2 pathways.
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In conclusion, the vascular/metabolic/oxidative environment of the lung tissue
at the onset of major mechanical stress has repeatedly shown to be influential in
the VILI development process. Lowering ventilatory and cardiovascular
demands — thereby reducing both minute ventilation and the vascular pressure
gradient across the lung — are potentially important therapeutic targets when
attempting to avoid VILI. It seems rational then to suggest a reduction in oxygen
demand and ventilation requirement as a component of a comprehensive “lung-
protective” strategy [67]. Indeed, reducing the ventilation requirement simulta-
neously allows reduction of driving pressures or ventilating frequencies. Because
cardiac output also declines in response to lower oxygenation demands, the
pulmonary microvascular blood flow gradient is lessened, thereby potentially
reducing VILI risk.
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