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Thirty years ago, the traditional approach to me­
chanical ventilation consisted of achieving normali­
zation of PaCO2 and pH, for which patients were ven­
tilated with tidal volumes (VT) of up to 10–15 mL kg-1 

of predicted body weight (PBW) [1].
The large multicentre ARDSnet trial demon­

strated a decrease in mortality close to 25% in more 
than 800 patients with acute respiratory distress syn­
drome (ARDS) when 6 mL kg-1 of VT was used instead 
of 12 mL kg-1 PBW, confirming that VT limitation is 
a fundamental strategy to improve survival in pa­
tients with ARDS [2]. Since that trial, use of 6 mL kg-1 

PBW (based on height and gender) has become 
a dogma for ventilating patients, either with ARDS or 
in the operating theatre. However, it is increasingly 
established and recognized that 6 mL kg-1 of VT may 
be excessive for some patients and insufficient for 
others [3].

The paradigm of protective ventilation aims 
to individualize ventilatory support. Traditionally,  
the mainstay of this approach is given by low VT and 
avoiding high airway pressures [4]. Indeed, although 
alveolar pressure is easy to estimate clinically 
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through plateau pressure (Paw plateau), the latter rep­
resents the distending pressure of the entire re­
spiratory system. Ventilator settings based only on 
airway pressure measurements are inappropriate 
for most critically ill patients [4]. Currently, protec­
tive ventilation can be better understood in terms 
of limiting global and regional mechanical stress 
(pressure applied to the lungs) and strain (defor­
mation from its resting position). Lung injury can 
occur due to overdistention (volutrauma/baro­
trauma), and recruitment and repetitive tidal col­
lapse (atelectrauma), both mechanisms resulting 
in heterogeneous insufflation of areas of occupied 
or collapsed alveoli [5]. To carry out intraoperative 
protective mechanical ventilation, medical litera­
ture has focused on positive end expiratory pres­
sure (PEEP), Paw plateau, and airway driving pressure 
(ΔPaw). However, considering its limitations, other 
parameters have emerged that represent a better 
reflection of isolated lung stress, such as transpul­
monary pressure (PL) and transpulmonary driving 
pressure (ΔPL). These parameters are less genera­
lized in clinical practice due to the requirement  
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Abstract
Thirty years ago, the traditional approach to mechanical ventilation consisted of the nor-
malization of PaCO2 and pH at the expense of using a tidal volume (VT) of 10–15 mL kg-1. 
But then, the use of 6–8 mL kg-1 became a dogma for ventilating patients either with 
acute respiratory distress syndrome (ARDS) or without lung disease in the operating 
theatre. It is currently recognized that even low tidal volumes may be excessive for 
some patients and insufficient for others, depending on its distribution in the aerated 
lung parenchyma. To carry out intraoperative protective mechanical ventilation, medi-
cal literature has focused on positive end expiratory pressure (PEEP), plateau pressure  
(Paw plateau), and airway driving pressure (ΔPaw). However, considering its limitations, other 
parameters have emerged that represent a better reflection of isolated lung stress, 
such as transpulmonary pressure (PL) and transpulmonary driving pressure (ΔPL). These 
parameters are less generalized in clinical practice due to the requirement of an oeso
phageal balloon for their measurement and therefore their cumbersome application in 
the operating theatre. However, its study helps in the interpretation of the rest of the 
ventilator pressures to optimize intraoperative mechanical ventilation. This article de-
fines and develops protective ventilation parameters, breaks down their determinants, 
mentions their limitations, and offers recommendations for their use intraoperatively. 

Key words: tidal volume, PEEP, protective ventilation, plateau pressure,  
driving pressure, transpulmonary pressure, transpulmonary driving pressure. 
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of an oesophageal balloon for their measurement 
and therefore their cumbersome application in the 
operating theatre. However, their study and com­
prehension help us to better interpret the tradi­
tional parameter alterations to be able to take sub­
sequent behaviours.

This review aims to develop the traditional con­
cepts of protective ventilation and clarify definitions 
of the most representative parameters and their de­
terminants. In addition, limitations on their use are 
mentioned and practical points are summarized to 
transfer their interpretation to the monitoring and 
ventilation configuration of the patient under gene­
ral anaesthesia.

Protective ventilation parameters
Tidal volume

Because high VT ventilation can prevent or mini­
mize pulmonary atelectasis, in the past it was com­
mon practice to use a VT of 800–1000 mL, which 
translated into a VT of up to 10–15 mL kg-1 [6].  
Volumes that have been used in patients without 
ARDS under mechanical ventilation have been pro­
gressively decreasing [7]. In a 39-year period from 
1975 to 2014, VT decreased significantly in ICUs (an­
nual decrease of 0.16 mL kg-1) and in the operating 
theatre (annual decrease of 0.09 mL kg-1) [8].

However, there is usually a misconception that 
the benefits of ventilating critically ill patients with 
low VT of 6–8 mL kg-1 are irrelevant in surgical pa­
tients, due to the relatively healthy lungs and short­
er duration of ventilation in the latter [6]. Intraopera­
tive ventilation at low VT has been shown not only 
to decrease airway pressures and generation of pro- 
inflammatory cytokines, but also to improve patient-
centred outcomes, such as need for reintubation, 
length of hospital and ICU stay, and postoperative 
pulmonary complications (PPCs) [9–12]. PPCs are 
increased by VT in a “dose-dependent” manner and 
generate higher mortality in patients undergoing 
mechanical ventilation for general anaesthesia [13].

Volume selected in a protective way (6–8 mL kg-1) 
can be distributed differently according to the aer­
ated lung volume that a certain patient has to re­
ceive. This means that even the same set VT can 
produce different lung stress (distending pressure 
applied to lung parenchyma) between patients 
with similar PBW [14]. The size of the aerated lung 
can vary considerably in patients with consolida­
tion, fluid, pulmonary exudate, or atelectasis [15]. 
It is precisely these patients that are at risk of over­
distention injury even when ventilating with low VT, 
because they have reduced aerated lung volumes 
[15]. In patients with low lung compliance, such as 
ARDS patients, or in the operating theatre those 
with pulmonary atelectasis, even VT below 6 mL kg-1 

of PBW can result in high strain (lung deformation 
from its resting position) [16].

In this sense, 3 randomized clinical trials have 
demonstrated a decrease in postoperative pulmo­
nary complications in protectively ventilated sur­
gical patients with VT of 6–8 mL kg-1 together with 
positive end-expiratory pressure (PEEP) levels be­
tween 6 and 12 cm H2O, a ventilatory strategy that 
was related to lower airway distending pressure 
(airway driving pressure or ΔPaw) and greater lung 
compliance [12, 17, 18]. On the other hand, the use 
of strategies with low VT is associated with hyper­
capnia and acidosis, probably due to less efficient 
alveolar ventilation [7]. These patients could benefit 
from strategies such as reducing instrumental dead 
space, increasing respiratory rate, lung recruitment 
manoeuvres associated with selection of an optimal 
PEEP, and prone position [15]. 

Therefore, titration of VT according to PBW could 
be a starting point, but it does not ensure the ab­
sence of damage. A possible solution is titrating VT 
according to ΔPaw [5, 14, 16] or to transpulmonary 
pressure (PL) [15]. These parameters could be better 
surrogates for limiting ventilator-induced lung injury 
(VILI) due to overdistention [15].

Limitations
If we use VT as a target, there are situations in 

which ventilatory strategies based on low VT do not 
confer lung protection [19]. For example, when ven­
tilating obese patients during laparoscopic surgeries 
in the Trendelenburg position, a VT of 6–8 mL kg-1 
PBW with low PEEP can be harmful. In this scenario, 
atelectasis with collapse and cyclic reopening of alve­
olar units in one zone of the lung coexist with pulmo­
nary overdistention in another zone and may cause 
injury [20]. The open lung approach consists of open­
ing up lung parenchyma where areas of atelectasis 
and overdistention coexist, using lung recruitment 
manoeuvres and optimal PEEP selection, achiev­
ing an increase in aerated lung volume with greater 
availability of alveolar units for the same VT [21]. 
As a result, more homogeneous ventilation is ob­
tained, with less overdistention and collapse, and 
less lung damage [22, 23]. On the other hand, in 
patients without pulmonary pathology subjected 
to general anaesthesia and ventilated with an open 
lung approach, pulmonary recruitment and titrated 
PEEP, a VT of 6 mL kg-1 or more may not be harmful 
to the lung if ΔPaw is less than 13–15 cm H2O [15, 24].

Application in clinical practice 
Pulmonary ventilation with low VT constitutes 

a fundamental parameter of protective ventilation; 
therefore, a set VT of 6–8 mL kg-1 PBW serves as an ini­
tial setting parameter [20]. However, it has been pos­
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tulated that an even more beneficial strategy would 
be to titrate it individually. VT could be chosen inte­
grating other parameters such as optimal peep lev­
els with or without recruitment maneuvers and the 
use of driving pressure. The target would be to select  
a VT value based on reducing driving pressure and 
increasing respiratory system compliance [15, 19, 25].

PEEP
PEEP is the positive pressure at the end of ex­

piration. Low PEEP levels (5 cm H2O) are routinely 
used in patients undergoing mechanical ventilation. 
This practice aims to keep the lung open at the end 
of expiration, prevent small airway and alveoli clo­
sure, minimize the damaging effects of cyclic open­
ing and collapsing of the alveoli, and increase the 
lymphatic flow, facilitating drainage of pulmonary 
oedema [16, 26]. Furthermore, PEEP would facili­
tate lung homogenization by recruiting previously 
non-ventilated alveolar units, thus avoiding exces­
sive tension in the margins between aerated and 
non-aerated regions of the lung parenchyma (stress 
raisers) [1, 4, 27]. Both mean airway pressure (MAP) 
and the plateau pressure (Paw plateau) will increase with 
increasing PEEP, but this increase may be accentu­
ated to a greater or lesser extent depending on the 
compliance of the respiratory system (if the latter 
is low, the increase in pressures will be higher, and 
vice versa). In contrast, airway driving pressure is 
not affected by changes in PEEP levels unless they 
result in changes in lung compliance. Increases in 
PEEP will only be protective when they result in an 
increase in lung compliance, which will be reflected 
in a decrease in ΔPaw [7, 28]. PEEP, therefore, should 
be selected individually according to the patient’s 
requirements [29].

PEEP = PEEPvolume × Ers,
where PEEP is the positive pressure at the end 

of expiration, PEEPvolume is the volume generated by 
PEEP, which is calculated as the difference between 
EELV (end expiratory lung volume) and FRC (func­
tional residual capacity), and Ers is the respiratory 
system elastance (Figure 1 and Table 1).

Limitations
PEEP is only beneficial when it is associated with 

an increase in functional lung volume, i.e. aerated 
lung volume (in a patient with high recruitability), 
reducing lung inhomogeneities. An inappropriately 
high level could be associated with potential delete­
rious effects such as pulmonary overdistention and 
impaired cardiac output [16]. Conversely, an inap­
propriately low PEEP level could be associated with 
atelectasis, leading to reduced lung compliance 
(low functional lung volume) with higher ΔPaw, and 
to haemodynamic alterations due to the effects of 
hypoxic pulmonary vasoconstriction on the right 
heart [27, 30].

Application in clinical practice 
If using PEEP as an objective, there will be situa­

tions in which it could be beneficial or harmful de­
pending on the value we have chosen and the me­
chanical characteristics of the thoraco-pulmonary 
system (lung-chest wall). Thus, a high PEEP level 
could be beneficial in an obese patient in laparo­
scopic surgery after a recruitment manoeuvre, while 
the same PEEP level in a patient with normal BMI 
(body mass index) and healthy lungs would cause 
overdistention [19].

Therefore, probably an adequate way to select 
PEEP levels would be through a recruitment mano­

Peak 
pressure 
Paw peak

Delta peak-plateau 
Paw peak – Paw plateau = Flow × Resistance

Plateau pressure 
Paw plateau = (VT + PEEPvolume) × E rs

PEEP 
Paw PEEP = PEEPvolume × Ers 

Esophageal pressure at end expiration  
Pes PEEP = PEEPvolume × Ecw 

Transpulmonary pressure at end expiration 
PL PEEP = PEEPvolume × EL

Transpulmonary pressure 
at end inspiration 
PL plateau = (VT + PEEPvolume) × EL

Airway driving pressure 
DPaw = VT × Ers 

Transpulmonary driving pressure 
DPL = VT × EL

Esophageal driving pressure 
DPes = VT × Ecw 

Figure 1. Determinants of protective ventilation parameters. Where Paw peak is airway peak pressure, delta peak plateau is the difference between  
the peak and the plateau pressure, Paw plateau is airway plateau pressure, VT is tidal volume, PEEPvolume is volume generated by PEEP, Ers is respiratory system 
elastance, EL is lung elastance, Ecw is chest wall elastance, Paw PEEP is positive end expiratory pressure or PEEP, ΔPaw is airway driving pressure or respiratory 
system driving pressure (ΔPrs), PL PEEP is transpulmonary pressure at end of expiration, ΔPL is transpulmonary driving pressure or lung driving pressure,  
ΔPes is oesophageal driving pressure or driving pressure across the chest wall (ΔPcw) or the change in pleural pressure between the end of inspiration  
and the end of expiration (ΔPpl), PL plateau is transpulmonary pressure at the end of inspiration, Pes plateau is oesophageal pressure at the end of inspiration, and 
Pes PEEP is oesophageal pressure at the end of expiration
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euvre, in patients with risk factors for atelectasis, 
and a PEEP titration according to the respiratory 
system compliance or to the airway driving pres­
sure (ΔPaw), parameters that better relate pressure 
to volume delivered [21,23,30]. However, to pre­
vent overdistention, it is possible to differentiate 
responders to recruitment manoeuvres from non-
responders. In responders, airway driving pressure 
is reduced due to an increase in functional residual 
capacity (FRC). In non-responders, FRC does not in­
crease and therefore PEEP should not be increased 
any further [21].

In practice, it is recommended that PEEP = 0 cm 
H2O (ZEEP) should be avoided, a lower PEEP limit 
greater than 5 cm H2O be used, and then it should 
be individualized [20]. In this sense, one way to ti­
trate PEEP is to seek an improvement in respiratory 
system compliance by a decrease in airway driving 
pressure [2, 7].

Airway peak pressure
Peak airway pressure (Paw peak) is the maximum 

pressure measured in the airway at the end of in­
spiration. Unlike Paw plateau, Paw peak is influenced by 
both the elastic and resistive properties of the re­
spiratory system. At the bedside, the difference 
between peak and plateau pressures can be easily 
individualized during an inspiratory pause during 
volume-controlled ventilation. Immediately after 
the inspiratory pause, a rapid pressure drop is ob­
served, which represents the pressure dissipated to 
overcome airway resistance. To calculate the airway 
resistance, this pressure difference is divided by the 
inspiratory flow. In normal subjects, airway resis­
tance values do not exceed 15 cm H2O L-1 s-1 under 
controlled mechanical ventilation [16].

During mechanical ventilation, Paw peak depends 
on Paw plateau, and on the pressure difference between 
these 2 pressures (Paw peak – Paw plateau), which is deter­
mined by both the inspiratory flow and airway re­
sistance.

Paw peak = (Paw peak – Paw plateau) + Paw plateau

Paw peak = ΔV × Raw + (VT + PEEPvolume) × Ers,
where Paw peak is airway peak pressure, Paw plateau is 

airway plateau pressure, ΔV represents inspiratory 
flow, Raw is airway resistance, PEEPvolume is volume 
generated by PEEP, and Ers is respiratory system elas­
tance (Figure 1 and Table 1).

In patients without increases in airway resis­
tance and/or obstructions in the ventilatory circuit, 
the maximum inspiratory pressure (MIP) or peak 
inspiratory pressure (PIP) is approximately equal to 
the plateau pressure [7]. During pressure-controlled 
ventilation, the set ventilator pressure (MIP) is com­
parable to the Paw plateau during volume-controlled 
ventilation if inspiratory flow seen on the flow-time 

curve reaches zero, a situation in which MIP will con­
stitute a surrogate of alveolar pressure.

Limitations
It is influenced by the elastic and resistive prop­

erties of the respiratory system as a whole. There­
fore, it is difficult to use it as a parameter that rep­
resents the load to which the lung is subjected in 
isolation.

Application in clinical practice 
Because plateau pressure constitutes a deter­

minant of peak pressure, when Paw peak is elevated, 
a high plateau pressure should be ruled out so as to 
consider the causes of a high delta Paw peak – Paw plateau.

Once inspiratory flow (ΔV) is established, the 
delta pressure generated depends on an airway re­
sistance value.

For example, during volume-controlled ventila­
tion, once VT and inspiratory time were established, 
Paw peak – Paw plateau generated will depend on the air­
way resistance value. That is to say, in the face of 
an increase in resistance such as endotracheal tube 
kinking, secretions, bronchospasm, etc., the pres­
sure difference between the Paw peak and Paw plateau 

will increase by increasing the Paw peak [31].
↑ΔP = ↑Paw peak – Paw plateau = ΔV × ↑Raw

In the same way, at a constant resistance value, 
changes in inspiratory flow (ΔV) modify pressure 
differences.

For example, during volume-controlled ventila­
tion, once VT is established, the decrease in inspira­
tory time (by decreasing the I : E ratio from 1 : 2 to  
1 : 4, increasing the respiratory rate or increasing the 
inspiratory pause time in anaesthesia ventilators) 
will generate an increase in inspiratory flow (ΔV) 
and this will determine an increase in Paw peak, thus 
increasing the pressure difference between Paw peak 
and Paw plateau [31].

↑ ΔP = ↑ Paw peak – Paw plateau = ↑ΔV × Raw

It is suggested that a peak pressure < 30 cm H2O 
be used in mechanically ventilated patients without 
ARDS both during volume-controlled ventilation 
and pressure-controlled ventilation [7].

Airway plateau pressure
Plateau pressure, or airway plateau pressure  

(Paw plateau), is the pressure measured in static con­
ditions during an inspiratory pause in volume- 
controlled ventilation, and that results from the sum 
of pressures associated with tidal volume and volume 
generated by PEEP, if it is present. Because it is esti­
mated during zero flow conditions, it avoids taking 
into account the pressures required to exceed air­
way resistance [3]. In other words, the Paw plateau is not  
affected by changes in inspiratory flow or airway  
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Figure 2. Representation of airway and pleural (oesophageal) pressures in 2 pa-
tients with different chest wall and lung elastance during end inspiration and end 
expiration. Two patients with different mechanical properties of the lung and chest 
wall are presented; both ventilated with the same high plateau pressure (Paw plateau)  
and high airway driving pressure (ΔPaw) (represented in yellow). In A, the patient has 
high chest wall elastance, and therefore presents a low transpulmonary pressure  
(PL plateau) and a low transpulmonary driving pressure (ΔPL) (represented in green), 
thus with a low risk of lung damage. At the same time, it presents high pleural pres-
sures (e.g. ΔPes) (represented in red), which probably implies some haemodynamic re-
percussion. Patient B with high pulmonary elastance has high transpulmonary pres-
sure (PL plateau) and high transpulmonary driving pressure (ΔPL) with the consequent 
risk of lung damage (represented in red) but with low pleural pressures therefore 
(e.g. ΔPes) (represented in green), without haemodynamic repercussions. Actually, 
the risks of mechanical ventilation in patients ventilated with similarly high airway 
pressures range from the risk of lung damage if the lung elastance is high and the 
chest wall elastance is low, and haemodynamic instability in the opposite situation 
[3, 31]. Where Paw plateau is airway plateau pressure, PEEP is positive end expiratory 
pressure, ΔPaw is airway driving pressure, PL PEEP is transpulmonary pressure at end 
of expiration, ΔPL is transpulmonary driving pressure o lung driving pressure, ΔPes is 
oesophageal driving pressure or driving pressure across the chest wall (ΔPcw) or the 
change in pleural pressure between the end of inspiration and the end of expiration 
(ΔPpl), PL plateau is transpulmonary pressure at the end of inspiration, Pes plateau is 
oesophageal pressure at the end of inspiration, and Pes PEEP is oesophageal pressure 
at the end of expiration. All pressures are expressed in cm H₂O

resistance [16] and only reflects the elastic proper­
ties of the respiratory system [32].

The Paw plateau is thus determined by changes in VT, 
Ers, and PEEP levels [31].

The importance of plateau pressure lies in the 
fact that it is considered a surrogate, a reflection 
of alveolar pressure (Palv), which is the real pressure 
that distends the entire respiratory system (lung plus 
chest wall) [33]. In this sense, it also involves the pres­
sure required to surpass the chest wall elastance, and 
therefore this “alveolar pressure” does not reliably re­
flect the pressure load to which only the lung is ex­
posed. Pulmonary distending pressure in isolation is 
evaluated with transpulmonary pressure, which rep­
resents the elastic recoil pressure of the lungs [29].

The Paw plateau thus represents the best clinical way 
to assess airway pressure under static conditions, 
and therefore it can be used to estimate transpul­
monary pressure [3].

Paw plateau = PEEP + ΔPaw

(VT + PEEPvolume) × Ers = (PEEPvolume × Ers) + (VT × Ers)
Where Paw plateau is airway plateau pressure, PEEP 

is positive pressure measured at the end of expira­
tion, ΔPaw is the airway driving pressure, and Ers is the 
respiratory system elastance (Figure 1 and Table 1).

The recommendation of the ARDS network pro­
tocol to limit the Paw plateau below 30 cm H2O to im­
prove survival derives from the evidence obtained 
during spontaneous ventilation, in which total lung 
capacity is achieved with a transpulmonary pres­
sure of 25 cm H2O. If a patient has normal chest wall 
elastance, it corresponds to a Paw plateau of 30 cm H2O, 
a pressure level below which was shown to gener­
ate minimal inflation and therefore the absence of 
VILI in an animal study [34] (Figure 1).

Limitations
During a patient’s mechanical ventilation, a high 

Paw plateau may not be injurious per se, when instead of 
being applied to inflate the alveoli, it is mostly used 
to inflate a high elastance chest wall [29].

In 1988 Dreyfus et al. [35] demonstrated that 
injurious pulmonary oedema occurred in healthy 
paralyzed animals during pressure-controlled ven­
tilation with high VT and high airway pressures, 
but it did not occur in those ventilated with similar 
airway pressures and low VT due to straps applied 
around their abdomen and chest. These straps were 
a simple way to increase chest wall elastance, and 
therefore, for the same airway pressure or plateau 
pressure, pulmonary distending pressure or trans­
pulmonary pressure was lower and did not cause 
injury [29]. These experiments demonstrated that 
the volume that caused lung stretching, and not 
the airway pressure, was the most important fac­
tor in determining injury, a finding that led them to 

employ the term ‘volutrauma’. We currently interpret 
these findings as an indirect demonstration of the 
importance of transpulmonary pressure in deter­
mining ‘lung trauma’ and injury, which in fact does 
not occur if this pressure is kept within certain limits, 
no matter how high the plateau pressure is [29]. 

In this way, ventilating patients with high chest 
wall elastance and limiting the plateau pressure to 
30 cm H2O, far from inducing damage by baro- or 
volutrauma, this can lead to atelectasis with shunt 
and hypoxaemia, in addition to lung damage due to 
increased stress raisers (e.g. in obese patients, preg­
nant women, patients with pleural effusion, neuro­
muscular diseases, or capnoperitoneum) [3]. On the 
one hand, high chest wall elastance is effectively 
protective for the lungs, but it entails an increase 

D Paw = 20
D PL = 16
D Pes = 4

D Paw = 20
D PL = 4
D Pes = 16
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in pleural pressure, which will have haemodynamic 
repercussions through an increase in pressure in the 
right atrium, which will then decrease venous return 
and cardiac output [3]. On the other hand, ventilat­
ing patients with the same Paw plateau of 30 cm H2O but 
with a low chest wall elastance, will generate a high 
transpulmonary pressure, which is the true pulmo­
nary distending pressure and the one that generates 
lung damage at high values [3] (Figure 2).

Therefore, we consider that using a single  
Paw plateau level to define potential harm could be 
overly simplistic, and it could lead to the adminis­
tration of insufficient pressure to some patients and 
excessive pressure to others [36]. Given that what 
generates VILI is not the pressure applied to the 
airway but rather the pressure applied to the lungs 
(transpulmonary pressure), it follows that a better 
limit or safe pressure threshold could be a trans­
pulmonary pressure level rather than a certain  
Paw plateaulevel [36].

For this reason, there are authors who propose 
monitoring oesophageal pressure in patients with risk 
factors for chest wall stiffness. In these cases of high 
chest wall elastance, a safe threshold of 30 cm H2O 
for plateau pressure may actually be higher and still 
be safe [1].

Application in clinical practice 
It is suggested that a Paw plateau below 25–28 cm H2O 

should be used in mechanically ventilated patients 

without ARDS during both volume-controlled and 
pressure-controlled ventilation [7].

Its use as the only safety parameter without tak­
ing into account other features of patient mechanics 
could lead to an insufficient ventilation (in patients 
with high chest wall elastance such as in obesity) or 
an excessive one (in patients with high lung elastance 
such as in ARDS). Therefore, it should be used con­
sidering other patient factors, such as the ones that 
increase or decrease chest wall elastance. We can 
mention 3 scenarios:
•	 If the Paw plateau is less than 25 cm H2O and airway 

driving pressure is less than 13 cm H2O, then ven­
tilatory parameters could be maintained because 
we would be ventilating within limits that are 
considered safe.

•	 If the Paw plateau is greater than 25 cm H2O, consider­
ing its determinants, it should be ruled out that 
this is not generated by high PEEP levels.

•	 If the Paw plateau is greater than 25 cm H2O and the 
airway driving pressure is greater than 13 cm H2O, 
considering PEEP levels within certain limits, 
causes of increased respiratory system elastance 
should be assessed (Figure 3).

Airway driving pressure 
The airway driving pressure (ΔPaw) or (ΔPrs) (respira­

tory system driving pressure) is the pressure required 
during lung expansion to overcome the elastic forces 
generated by the lung parenchyma, pleura, and chest 
wall [28]. Unlike the plateau pressure it represents the 
pressure above PEEP required to overcome the elastic 
recoil of the respiratory system as a whole generated 
by the delivery of tidal volume [27].

Another way of interpreting the ΔPaw is the oscil­
lation between the end of inspiration and the end of 
expiration of the respiratory system elastic pressure 
[37]. Thus, assuming that there is no auto-PEEP, ΔPaw 
estimates the increase in alveolar pressure during 
inspiration and its decrease during expiration rep­
resenting the pressure change during tidal volume 
ventilation [15, 29].

It is important to recognize that ΔPaw involves 
2 components, one related to the expansion of the 
lung and the other related to the expansion of the 
chest wall [38].

ΔPaw = ΔPL + ΔPpl,
where ΔPL is the transpulmonary driving pressure 

and ΔPpl is the change in pleural pressure or driving 
pressure across the chest wall (ΔPCW) or oesophageal 
driving pressure (ΔPes) (Figure 1 and Table 1).

This implies that ΔPaw can be elevated by both 
elastic components or at the expense of one of them. 
Therefore, increases in chest wall elastance in iso­
lation can affect this parameter without increasing 
pulmonary stress, globally represented by transpul­
monary driving pressure [5].

D Paw < 13

Maintain 
ventilatory 
parameters 

D Paw > 13 PEEP ↑

Paw plateau 

< 25 > 25

Lung elastance ↑
(rule out air trapping/
selective intubation)

Chest wall elastance ↑
(obesity, pneumoperitoneum, 
Trendelenburg position, etc.) 

(Transpulmonary 
pressure > 20)

(Transpulmonary 
pressure < 20)

Reduce VT to 5–6 mL kg-1 PBW Lung recruitment*, optimize PEEP

D Paw > 13D Paw < 13 

Figure 3. Algorithm for programming protective ventilation parameters:  
VT = 6–8 mL kg-1 PBW, RR targeting an EtCO2 of 35 to 45 mmHg, PEEP ≥ 5 cm H2O,  
I : E ratio (the one that allows expiratory flow to reach zero, and the longest inspir-
atory time e.g. 1 : 1.5), if high peak airway pressure, check high Delta peak plateau 
and rule out kinked orotracheal tube, secretions, mucus, etc.). Where VCV is volume 
control ventilation, VT is tidal volume, RR is respiratory rate, PEEP is positive end ex-
piratory pressure, I : E ratio is the ratio between inspiratory time : expiratory time,  
Paw plateau is airway plateau pressure, and ΔPaw is airway driving pressure.

*the decision to recruit the lung should also be based on other parameters such as 
the air test, the increased capnographic gap (PaCO2 – End tidal CO2) and/or decreased 
PAFI. All pressures are expressed in cm H2O
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Chest wall elastance may be increased in con­
ditions such as obesity, abdominal compartment 
syndrome, kyphoscoliosis, chest wall burns, or in­
creased muscle tone due to dyssynchrony with 
the ventilator. Conversely, it could be decreased by 
muscle paralysis [39].

ΔPaw is easily calculated at the bedside as the 
difference between the plateau pressure and PEEP.

ΔPaw = Paw plateau – PEEP 
It is equivalent to the relationship between VT 

and respiratory system compliance (Crs) [14]. So, as­
suming Crs reflects the amount of aerated lung vol­
ume, ΔPaw is considered a surrogate of dynamic or 
cyclic lung strain (or stretch). The latter is defined 
as the ratio between VT and FRC [32]. Therefore, the 
higher the FRC, the higher the Crs (due to greater aer­
ated lung volume) and the lower the ΔPaw. In this way 
ΔPaw, unlike Paw plateau and PEEP (which are static esti­
mates of stress in the respiratory system), constitutes 
a dynamic indicator because it represents the cyclic 
strain that lung parenchyma (and the chest wall) are 
exposed to during each ventilatory cycle [2, 15].

ΔPaw = VT/Crs

ΔPaw = VT × Ers,
where VT is the tidal volume, Crs is the respiratory 

system compliance, and Ers is the respiratory system 
elastance. ΔPaw conveys the relationship between 
the VT applied above a certain PEEP and the respira­
tory system compliance.

Using a statistical model known as multilevel 
mediation analysis, information from 3562 patients 
with ARDS was analysed from 9 randomized con­
trolled trials, which demonstrated that ΔPaw is the 
ventilatory parameter that best predicts survival at 
60 days in ARDS [37, 40] and not VT or PEEP [2].

Amato et al. [40] suggested that the ventilatory 
impact of VT on lung injury could be better pre­
dicted if it was normalized to Crs rather than PBW.  
ΔPaw was shown to be the final mediator on the ef­
fects of lowering VT and Paw plateau on mortality in pa­
tients with ARDS [29].

A recent meta-analysis involving 17 studies and 
more than 2250 patients showed that changes in 
PEEP levels that resulted in an increase in ΔPaw (i.e. 
without modifying or even decreasing Crs) were 
associated with greater postoperative pulmonary 
complications [2, 32].

In patients with low lung compliance (e.g. with 
atelectasis, consolidation, oedema), even setting 
low VT (< 6 mL kg-1 PBW) could result in high ΔPaw, 
i.e. in high strain (VT/CRF) [16].

For this reason, it is suggested that VT should be 
adjusted considering ΔPaw (or VT/Crs). Because Crs is 
directly related to the aerated lung volume, ΔPaw 

reflects the level of VT related to the aerated lung 
volume [1]. Using ΔPaw as a safety limit, it could be 

a better way to adjust VT to decrease dynamic or  
cyclic strain during mechanical ventilation [2, 5].

Most surgical patients (without ARDS) will have 
ΔPaw < 10 cm H2O, reflecting a normal or close to 
normal Crs. In contrast, in patients with moderate to 
severe ARDS or other restrictive diseases (e.g. ma­
jor pulmonary effusions, interstitial diseases, etc.), it 
will be more common to find an ΔPaw > 10 cm H2O, 
reflecting either a decreased Crs or an inappropriate 
selection of VT or PEEP [2].

Even more, VT could be higher than 6 mL kg-1 
and ΔPaw could remain below 14 cm H2O [15]. Limit­
ing ΔPaw, possibly keeping it below 14 cm H2O, can 
be achieved either by decreasing VT or by increasing 
Crs [37]. If the former remains constant and the lat­
ter increases, ΔPaw will decrease proportionally. Fur­
thermore, under steady conditions in Crs, ΔPaw will 
increase if VT increases [7].

One way to increase compliance is through 
lung recruitment with recruitment manoeuvres and 
a higher PEEP level or through prone positioning  
[1, 21, 23].

In this context, ΔPaw could also be a valuable tool 
for setting PEEP. Regardless of the strategy used to 
titrate PEEP, changes on its levels should be con­
sidered in the impact on ΔPaw, in addition to other 
variables such as gas exchange and haemodynam­
ics [2]. A decrease in ΔPaw after increasing PEEP ne­
cessarily reflects lung recruitment and a decrease 
to their cyclic strain. Conversely, an increase in ΔPaw 
suggests a non-recruitable lung in which overdis­
tention prevails over recruitment [7].

If, after optimizing PEEP, ΔPaw remains > 15 cm H2O, 
it is suggested that VT should be lowered and causes 
of increased chest wall elastance be considered. In 
these cases, the placement of an oesophageal cath­
eter to measure transpulmonary driving pressure 
(ΔPL) could be a useful strategy [2], although this 
strategy is probably not a practical recommendation 
and is not applicable in the field of anaesthesiology.

It is suggested that a target of ΔPaw < 13–15 cm H2O 
be used [41].

Limitations
A problem with this parameter to help in the 

guidance of VT selection is that one of its compo­
nents is the plateau pressure, which, as we men­
tioned above, is influenced by the chest wall elas­
tance. Thus, 2 patients with the same ΔPaw may have 
different risk of VILI. A high ΔPaw in the context of 
high chest wall elastance probably implies that this 
is due to the chest wall component and that the 
lung is not being subjected to high and injurious 
pressures [2, 15]. In this scenario, ΔPaw may be high 
at the expense of ΔPpl, with transpulmonary driving 
pressure being at normal or low values.
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↑ ΔPaw = ΔPL + ↑ ΔPpl 
↑ ΔPaw = VT x EL + VT × ↑ ECW,
where ΔPaw is airway driving pressure, ΔPL is 

transpulmonary driving pressure, ΔPpl is oesopha­
geal driving pressure, VT is tidal volume, EL is lung 
elastance, and ECW is chest wall elastance. Oeso­
phageal driving pressure is elevated due to in­
creased chest wall elastance (Figures 1 and 4).

Thus, a high value of airway driving pressure 
may overestimate the risk of lung injury [42].

Therefore, in these cases of increased chest wall 
elastance, a better indicator of the dynamic stress 
lungs are being subjected to in isolation is transpul­
monary pressure or transpulmonary driving pres­
sure. These could be measured, limiting VT to keep 
it within a safe range [14–16]. However, as we men­
tioned, it is a difficult measurement to implement 
in anaesthesiology due to the cumbersome and im­
practical nature of placing an oesophageal catheter 
and measuring pleural pressures intraoperatively.

Finally, the effects of PEEP and its continuous 
strain are not considered in the ΔPaw approach. For 
example, a theoretically safe level of 12 cm H2O of 
ΔPaw could become harmful if PEEP is 20 instead of 
0 cm H2O [36]. This implies that an ΔPaw still in the 
safe range could be injurious if PEEP levels are high, 
generating overdistention per se.

This is because VILI related to excessive strain 
can be linked to its static and dynamic components. 
Static strain results from application of PEEP and its 
resultant deformation in the lungs above their func­
tional residual capacity. Dynamic strain results from 
cyclic insufflation of the aerated lung with each ven­
tilation and is therefore linked to ΔPaw [15] (Table 1).

Application in clinical practice 
In situations of high chest wall elastance (e.g. cap­

noperitoneum, obesity, increased intra-abdominal 
pressure, etc.), airway driving pressure may be high 
at the expense of an increase in pleural pressures 
(oesophageal driving pressure or ΔPes), without the 

lung being at risk of damage, because the true pul­
monary distending pressure (transpulmonary driving 
pressure or ΔPL) will be at a lower level. If this is not 
considered, ventilatory parameters could be unnec­
essarily reduced to lower the value of airway driving 
pressure, which runs the risk of increasing atelectasis. 
In these cases of suspected high chest wall elastance, 
it would make more sense to assess the option of re­
cruitment and optimization of PEEP levels to improve 
lung compliance and therefore decrease ΔPaw [23].

Conversely, in cases where it is estimated that 
chest wall elastance is not elevated, airway driving 
pressure represents a good surrogate of transpul­
monary driving pressure. In addition, there may be 
scenarios in which there is low ΔPaw but excessively 
high PEEP (e.g. 20 cm H2O), causing a static strain 
high enough to induce lung damage.

Finally, if ΔPaw is high at the expense of high lung 
elastance (e.g. ARDS), the most appropriate behav­
iour would be to lower VT to decrease airway driving 
pressure (Figure 3).

Transpulmonary pressure
Transpulmonary pressure (PL) is the pressure 

that distends the lungs in isolation. It constitutes 
the pressure generated in the lungs regardless of 
the effects on the chest wall and abdomen [29]. It is 
represented by the pressure difference between the 
inside of the lung (airway pressure) and the pres­
sure on the surface of the lung (pleural pressure 
or its surrogate oesophageal pressure) [3]. PL is the 
relevant pressure when we consider the stress ap­
plied to lung tissue in each insufflation, and because 
a certain stress is associated with a certain strain, PL 

is strictly related to VILI generation [3, 33, 38]. 
Measurement of PL can be done at the end of 

inspiration or at the end of expiration [32].
When measured at the end of inspiration or 

at plateau pressure (PL plateau), it is relevant when it 
comes to preventing damage from lung hyperinfla­
tion [3, 38]:

Plateau pressure 
Paw plateau = (VT + PEEPvolume) × Ers

Transpulmonary pressure  
at end inspiration 
PL plateau = (VT + PEEPvolume ) × EL

Transpulmonary pressure at end expiration
PL PEEP = PEEPvolume × EL

Transpulmonary driving pressure 
D PL = VT × EL

Airway driving pressure 
DPaw = VT × Ers 

Esophageal pressure  
at end inspiration 
Pes plateau = (VT + PEEPvolume) × Ecw

Esophageal driving pressure 
DPes = VT × Ecw

Esophageal pressure at end expiration  
Pes PEEP = PEEPvolume × Ecw

Figure 4. Determinants of protective ventilation parameters. Where Paw plateau is airway plateau pressure, VT is tidal volume, PEEPvolume is volume generated  
by PEEP, Ers is respiratory system elastance, EL is lung elastance, Ecw is chest wall elastance, PL plateau is transpulmonary pressure at the end of inspiration,  
Pes plateau is oesophageal pressure at the end of inspiration, PL PEEP is transpulmonary pressure at end of expiration, ΔPL is transpulmonary driving pressure or lung 
driving pressure, ΔPes is oesophageal driving pressure or driving pressure across the chest wall (ΔPcw) or the change in pleural pressure between the end of 
inspiration and the end of expiration (ΔPpl), Pes PEEP is oesophageal pressure at the end of expiration, and ΔPaw is airway driving pressure or respiratory system 
driving pressure (ΔPrs) [31]
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PL plateau = Paw plateau – Pes plateau,
where PL plateau is transpulmonary pressure at the 

end of inspiration, Paw plateau is airway plateau pres­
sure, and Pes plateau is oesophageal pressure at the end 
of inspiration (Figures 4 and 5).

PL measured at the end of expiration, or trans­
pulmonary pressure associated with PEEP (PL PEEP) is 
relevant to preventing lung collapse [3, 38]:

PL PEEP = PEEP – Pes PEEP,
where PL PEEP is transpulmonary pressure at the 

end of expiration, PEEP is positive pressure at the 
end of expiration, and Pes PEEP is oesophageal pres­
sure at the end of expiration (Figure 4).

The PL measured at the end of inspiration (PL plateau), 
represents the total stress given by the cyclic stress 
to which lungs are exposed during each ventilation 
(transpulmonary driving pressure or ΔPL) and the 
addition of the static stress measured by PL at the 
end of expiration (PL PEEP) [43]:

PL plateau = ΔPL + PL PEEP 
(VT + PEEPvolume) × EL = (VT × EL) + (PEEPvolume × EL),
where PL plateau is transpulmonary pressure at end 

inspiration, ΔPL is transpulmonary driving pressure, 
PL PEEP is transpulmonary pressure at end expiration, 
VT is tidal volume, EL is lung elastance, and PEEPvolume 
is the volume generated by PEEP (Figure 4).

For a given Paw plateau, the PL plateau depends on the 
relationship between lung elastance (EL) and that of 
the respiratory system (Ers), the latter being the sum 
of EL plus ECW [3, 44].

PL = Paw plateau × (EL/Ers),
where, PL is transpulmonary pressure at the end 

of inspiration, Paw plateau is airway plateau pressure, EL is 
lung elastance, and Ers is respiratory system elastance.

If we consider, for example, a patient with an 
elastance ratio of 0.8 (EL/Ers = 0.8) (e.g. ARDS) and an 
Paw plateau of 30 cm H2O, their PL will be 24 cm H2O. This 
is considered a pulmonary distending pressure level 

that corresponds to a dangerous lung volume close 
to total lung capacity. In contrast, for another patient 
with an elastance ratio as low as 0.2 (e.g. obesity or 
pregnancy), the same Paw plateau of 30 cm H2O will cor­
respond to a PL of only 6 cm H2O, which may be as­
sociated with lung collapse and hypoxaemia [3, 36]. 

In this way, it follows that for the same VT and  
Paw plateau, depending on the relationship between EL 
and Ers, it could result in completely different PL and, 
consequently, different risks of VILI [4, 45].

Measurement of pressure that distends lungs 
alone may be a better approach to guiding ventilato­
ry management, especially in patients with increased 
chest wall elastance in whom the Paw plateau and air­
way driving pressure are elevated, but without 
this necessarily implying a risk of lung damage [4]. 
For a given VT, a stiffer chest wall will lead to the de­
velopment of higher pleural pressures because more 
of the airway driving pressure will be displacing  
the chest wall. In these cases, for a given Paw plateau, 
transpulmonary pressure will become lower as chest 
wall elastance increases (e.g. abdominal hyperten­
sion or severe obesity) and vice versa [46] (Figure 2).

Although direct measurement of pleural pres­
sure through pleural catheters is theoretically and 
practically possible, the most practical way to esti­
mate pleural pressure in clinical practice is oesopha­
geal manometry [3].

To better characterize ventilatory mechanics, PL 
must be estimated under static conditions, i.e. when 
flow in the system is zero. This is mandatory to pre­
vent having to take into account the pressure neces­
sary to exceed airway resistance. The pressure mea­
sured under static conditions, during an inspiratory 
pause, is the plateau pressure, already referred to in 
this article [3].

Assessment of PL could be useful for several rea­
sons. On the one hand, for differentiating patients 
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who could benefit from higher airway pressures due 
to their increased chest wall elastance from those 
who, despite having low airway pressure levels, are 
still under risk of overdistention [4]. Another bene­
fit of its use would be for determining the pressure 
required to keep lungs open. Because oesophageal 
pressure is a surrogate of pleural pressure, a nega­
tive transpulmonary pressure at the end of expira­
tion would correspond to collapsed lungs [3]. It has 
therefore been proposed for choosing PEEP levels, 
aiming to obtain a positive value of transpulmonary 
pressure at the end of expiration, and thus avoiding 
atelectasis [29].

Limiting PL to less than 15–20 cm H2O appears to 
be a physiologically reasonable approach for miti­
gating VILI [30, 32, 38].

Limitations
Transpulmonary pressure is the total load im­

posed to the elastic fibres of the lung parenchyma. 
However, if lungs are heterogeneous, it may have an 
additional load in lung interface areas with a multi­
plication factor that can reach “2” according to the 
stress raiser model (calculation of Cressoni et al.) [47]. 
This means that a transpulmonary pressure of  
30 cm H2O can reach a local value of up to 60 cm H2O 
in interface areas between open and closed regions 
of the lungs [27]. Therefore, global indices (such as PL) 
do not reflect regional stress or strain [5]. This is im­
portant for 2 reasons. One is that in patients with 
pathologies that cause pulmonary heterogeneities, 
target values for PL should be lower. And the sec­
ond is that a pulmonary homogenization strategy in 
lungs with atelectasis, such as prone positioning or 
selecting adequate PEEP levels, would be beneficial 
by reducing stress raisers [26, 44, 48, 49].

Another limitation of using only an isolated PL 
value to guide mechanical ventilation in a protec­
tive way is that it also does not take into account 
the ventilatory rate and inspiratory flow as variables 
that also contribute to VILI development [3]. In this 
line of thought, mechanical power is an integrative 
and comprehensive parameter that involves all the 
components related to lung injury due to mechani­
cal ventilation. It is easy to understand that, for the 
same transpulmonary pressure, we can have differ­
ent associated mechanical power values ​​depending 
on all the other variables that contribute to it (such 
as PEEP levels, respiratory rate, VT, inspiratory flow, 
and ΔPaw) [3, 49].

Application in clinical practice 
Despite its cumbersome measurement that re­

duces its applicability, it helps us as a concept to un­
derstand possible causes of high airway pressures 
and to differentiate between the pressure to which 

lungs are exposed and the pressure that acts on the 
chest wall and the abdomen.

PL plateau is included, together with oesopha­
geal pressure at the end of inspiration (Pes plateau), 
within the parameters that determine Paw plateau.  
So, if we assume that chest wall elastance is normal, 
then Paw plateau could be a good surrogate of PL (Figure 4).

Paw plateau = PL plateau + Pes plateau

On the other hand, if the chest wall elastance 
is high, the Paw plateau will be mainly determined by 
pleural pressure (or its surrogate, oesophageal pres­
sure). In this way, we can infer whether the venti­
lation is damaging the lungs (i.e. elevated PL) or 
the patient’s haemodynamics (i.e. elevated Pes) by 
decreasing the venous return [50, 51]. Differences 
between Paw plateau and PL will be more pronounced in 
obese patients or others with restrictive chest wall 
disorders (i.e. high chest wall elastance). In these 
cases, low transpulmonary pressure (less than 20 cm 
H2O) is considered a protective ventilatory strategy 
regardless of the Paw plateau [21] (Figure 2).

Transpulmonary driving pressure
Transpulmonary driving pressure (ΔPL) or lung 

driving pressure, represents the change or oscillation 
in transpulmonary pressure generated by VT between 
the end of inspiration and the end of expiration [29]. 
It is calculated from the transpulmonary pressure dif­
ference between the PL plateau and PL PEEP. 

ΔPL = PL plateau – PL PEEP

(VT × EL) = (VT + PEEPvolume) × EL – (PEEPvolume × EL),
where ΔPL is transpulmonary driving pressure, PL 

plateau is transpulmonary pressure at the end of inspi­
ration, PL PEEP is transpulmonary pressure at the end 
of expiration, VT is tidal volume, EL is lung elastance, 
and PEEPvolume is volume generated by PEEP (Figure 4).

In other words, the transpulmonary driving 
pressure (ΔPL) would be equivalent to the trans­
pulmonary pressure at end inspiration (PL plateau)  
without the distending pressure generated by  
PEEP (PL PEEP).

Another method of analysing and interpreting 
transpulmonary driving pressure is through ΔPaw. 
The airway driving pressure is composed of 2 pres­
sures: the one applied in the lung (ΔPL) and the one 
to the chest wall (ΔPpl) [38]:

ΔPaw = ΔPL + ΔPpl,
where ΔPaw is airway driving pressure, ΔPL is 

transpulmonary driving pressure, and ΔPpl is change 
in pleural pressure or driving pressure across the 
chest wall (ΔPCW) [5] or oesophageal driving pres­
sure (ΔPes) [2] (Figures 4 and 5).

The oesophageal driving pressure (ΔPes) is the 
change in oesophageal pressure between inspiration 
and expiration and represents the pressure applied 
to the chest wall above PEEP due to VT delivery.
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ΔPes = Pes plateau – Pes PEEP [3],
where ΔPes is oesophageal driving pressure,  

Pes plateau is oesophageal pressure at the end of inspi­
ration, and Pes PEEP is oesophageal pressure at the end 
of expiration (Figure 4).

Terminology clarification: it is possible to find 
in the literature the change in pleural pressure ex­
pressed as ΔPpl or ΔPes or ΔPCW called oesophageal 
driving pressure [2], which represents the distend­
ing pressure of the chest wall in isolation, which is 
elevated in situations of high chest wall elastance.

Therefore, if we solve for the transpulmonary 
driving pressure from the previous equation:

The transpulmonary driving pressure (ΔPL) is the 
same as the airway driving pressure (ΔPaw) without 
the distending pressure generated by the chest wall 
or oesophageal driving pressure (ΔPes) [52].

ΔPL = ΔPaw – ΔPes 
ΔPL = (Paw plateau – PEEP) – (Pes plateau – Pes PEEP)
VT × EL = (VT × Ers) – (VT × Ecw),
where, ΔPL is transpulmonary driving pressure, 

ΔPaw is airway driving pressure, ΔPes is oesophageal 
driving pressure, Paw plateau is airway plateau pressure, 
PEEP is positive pressure at end of expiration, Pes plateau 
is oesophageal pressure at the end of inspiration, Pes 

PEEP is oesophageal pressure at the end of expiration, 
VT is tidal volume, EL is lung elastance, Ers is respira­
tory system elastance, and Ecw is chest wall elastance 
(Figures 4 and 5).

Therefore, ΔPL only represents the pulmonary 
distending pressure generated by delivery of tidal 
volume without taking into account the pressure 
component required to mobilize the chest wall 
(ΔPes) [29]. Both the properties of the chest wall and 
the abdomen influence ΔPaw measurement. This 
influence can be misleading because an increase 
in chest wall elastance does not reflect an increase 
in the risk of lung injury and will still lead to an in­
crease in ΔPaw [38].

Because differences between ΔPL and ΔPaw are 
mainly due to increases in chest wall elastance, the 
latter can vary with respect to the former between 
minimal (e.g. lean patients, pneumonia) and wider 
(e.g. morbid obesity, abdominal hypertension) dif­
ferences [2, 14]. For this reason, in these cases of 
high chest wall elastance, it is advisable to assess 
ΔPL through an oesophageal catheter to appropri­
ately quantify stress applied to the lungs. However, 
in conditions where chest wall elastance is normal 
and stable, changes in ΔPaw will provide an appropri­
ate surrogate for changes in ΔPL and lung strain [38] 
(Figure 4).

The 14 cm H2O limit of ΔPaw suggested as a safe­
ty parameter for ventilation will depend on the elas­
tance ratio (EL/Ers). ΔPL depends, for a given ΔPaw, on 

the relationship between lung elastance and respi­
ratory system elastance:

ΔPL = ΔPaw × (EL/Ers),
where ΔPL is the transpulmonary driving pres­

sure and ΔPaw is the airway driving pressure.
Taking as an example a ΔPaw value of 14 cm H2O, 

this value can range from a ΔPL of 2.8 cm H2O (with 
an elastance ratio of 0.2) to 11.2 cm H2O (with an 
elastance ratio of 0.8) [3]. Therefore, the same ΔPaw 
with a limit value of 14 cm H2O but with a ΔPL of  
2.8 cm H2O would have a lower risk of lung damage 
than another patient with the same ΔPaw and a ΔPL of 
11.2 cm H2O (value close to the limit of 10–12 cm H2O).

ΔPL has several benefits. First, unlike PL but like 
ΔPaw, it removes the stress caused by PEEP levels, 
which does not necessarily contribute to lung in­
jury and can sometimes even mitigate it [16, 29]. 
Second, like PL but unlike ΔPaw, it removes distend­
ing pressure from the chest wall [29]. Third, it is con­
ceived that ΔPL would better reflect the presence 
of regional inhomogeneities in mechanical proper­
ties of the lungs (i.e. overdistention and atelectasis).  
An increase in ΔPL would be a better parameter to es­
timate tissue tension than other measurements of the 
respiratory system. Therefore, this parameter would 
represent a better surrogate of pulmonary stress and 
even a better predictor of clinical results than PL [16].

In the clinical setting, upper limits of transpulmo­
nary driving pressure would be 10–12 cm H2O [37] 
(Table 1).

Limitations
The use of an oesophageal catheter and the dif­

ficulties in its measurements and interpretation limit 
its applicability.

According to Gatinoni et al. [3], measurement of 
oesophageal pressure and the data derived from it 
(PL and ΔPL) have very limited use in clinical prac­
tice despite being key variables to guide mechani­
cal ventilation in a safe way. The author considers 
that this occurs mainly due to 2 reasons: first of all, 
the “the fatigue of studying”, which involves the 
wise use of data derived from the measurement of 
oesophageal pressure that requires an adequate 
cultural background. Second, due to the “fatigue of 
acting”, which points to the work that is added to 
usual clinical practice.

Application in clinical practice 
ΔPL then represents the distending  force that 

acts only in the lung [1]. Therefore, if we use PL and/or 
ΔPL as a target for protective ventilation, we will be 
approaching the true values that generate lung dam­
age during mechanical ventilation. However, the use 
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of an oesophageal catheter is time consuming and 
is difficult to apply in everyday anaesthetic practice.

In patients under mechanical ventilation, ΔPL will 
always be lower than ΔPaw because it does not con­
sider chest wall elastance [2, 14]. Because the ΔPL 
is contemplated within ΔPaw, considering that the 
chest wall component of elastance is not elevated, 
then ΔPaw will be a good surrogate for the ΔPL [38] 
(Table 1).

Conclusions
Protective ventilation strategies for the patient 

under general anaesthesia involve the interpretation 
of a number of parameters. A thorough knowledge 
of their determinants and limitations is essential to 
individualize their use in clinical practice according 
to the best available evidence. Some of these pa­
rameters are part of the information that most me­
chanical ventilators and anaesthesia machines rou­
tinely display (e.g. VT, PEEP, Paw peak, Paw plateau, and ΔPaw). 
Others are less accessible in an operating theatre 
situation (e.g. PL and ΔPL), but their understanding 
contributes to monitoring and configuration of the 
traditional protective ventilation parameters. In pa­
tients in whom chest wall elastance is not elevated, 
airway plateau pressure may be a good surrogate of 
transpulmonary pressure, and airway driving pres­
sure of transpulmonary driving pressure. Converse­
ly, in the presence of increased chest wall elastance, 
airway plateau pressures or airway driving pressure 
at their superior limit values could be considered 
non-injurious to the lungs. 
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