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Summary Statement:

The physiological concept, pathophysiological implications and clinical relevance and application 

of driving pressure and transpulmonary pressure to prevent ventilator-induced lung injury are 

discussed.

Concern over the potential for lung injury due to mechanical ventilation has fueled 

investigations on lung protection in the operating room 1-3. Based on the intensive care 

literature4, tidal volume (VT) and positive end-expiratory pressure (PEEP) settings have 

been the focus of intraoperative clinical trials1-3. Recent results in acute respiratory distress 

syndrome (ARDS)5 and surgical patients6 have suggested that the benefits associated with 

VT and PEEP settings are mediated by driving pressures. As our understanding of the 

physical and biological effects of mechanical ventilation evolves, the concepts of driving 

pressure and transpulmonary pressure have been increasingly used to quantify the 

mechanical forces acting over the lungs during mechanical ventilation and to guide clinical 

care. In this perspective, we discuss the definition of those concepts, their measurement in 

the clinical setting, their interpretation and their use in typical scenarios.

What are strain and stress and how do they apply to mechanical ventilation 

and ventilator-induced lung injury?

To prevent lung injury during mechanical ventilation, the factors causing most injury to the 

lungs must be identified. In the centuries-old engineering field of materials science, limits of 

maximal stress and strain are listed as key possible causes for materials to fail and rupture 

under the action of external loads. Recently, these concepts of stress and strain have been 

applied to increase understanding of mechanisms of injury during mechanical ventilation7-9 

and better explain the positive clinical outcomes associated with lung protective 

ventilation5,7,9-11.
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Stress is defined as a force divided by the area over which it is applied. Intuitively, if a fixed 

force is distributed throughout a large cross-sectional area of lung tissue, the force per unit 

area (i.e., stress) will be smaller than if that same force were distributed over a smaller area 

of lung tissue. More stress is expected to increase the risk of injury.

Strain is a measure of a change in the dimension of a structure from its original dimension. 

For instance, linear strain is defined as change in length divided by the original length (fig. 

1). The most pertinent strain in ventilation is the volumetric strain created by inspiration and 

expiration. Volumetric strain is defined as change in volume divided by initial volume. In 

elastic materials, strain is directly proportional to stress. Volumetric strain during ventilation 

has both static and dynamic components and is heterogeneous throughout the lungs7.

What is the relevance of these concepts for prevention of lung injury?

During tidal breathing, the change in lung volume is represented by VT and the initial lung 

volume corresponds to the functional residual capacity (FRC). Global volumetric lung strain 

can, thus, be estimated as VT/FRC. This relationship shows that reduction of VT lowers lung 

strain, and also that FRC can have an effect on strain. The markedly low FRC of ARDS 

patients emphasizes the relevance of this concept. For instance, with a VT=500 ml, a healthy 

lung during anesthesia (FRC=2000 ml) would have a strain of 25% (=500/2000). That same 

VT in an ARDS patient (FRC=500 ml) would produce a strain of 100% (=500/500), a 

fourfold increase in strain and risk of injury.

These considerations also suggest that, while reducing VT is important in surgical and 

ARDS patients4,12, VT is not the final determinant of lung injury. This is because it does not 

take the size of lung parenchyma to which that VT applies (FRC) into account. 

Consequently, simply controlling VT is not enough to minimize injurious lung strain. These 

arguments are consistent with recent clinical outcome results in ARDS and surgical patients 

showing that the effect of VT on clinical outcomes are mediated by a variable associated 

with lung strain5,6,11.

The heterogeneity of lung expansion, e.g., as lung derecruitment develops, also increases the 

risk for lung injury. This is because this heterogeneity can produce regional strains larger 

than whole-lung strains in healthy and inflamed lungs of anesthetized ventilated large 

animals even if those whole-lung strains are acceptable7,13. Theoretical computations 

indicated that in heterogeneously inflated lungs, regional pressures could be substantially 

larger than whole-lung pressures, by as much as 3-4 times when an atelectatic area is 

surrounded by expanded lung14. Systemic inflammation, a common clinical finding, 

amplifies the injurious effect of strain9,15.

What is driving pressure and how is it measured?

Driving pressure is defined as plateau pressure (Pplat) minus PEEP (fig. 1)16. Plateau 

pressure is measured at the end of an inspiratory pause during volume-controlled constant 

flow ventilation and at the end of inspiration during pressure-controlled ventilation. 

Accordingly, in the absence of respiratory muscle effort by the patient, driving pressure is 

the pressure above PEEP applied to the entire respiratory system to achieve tidal ventilation. 
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A caveat on the computation of plateau pressures is that they cannot be presumed to 

represent end-inspiratory alveolar pressures when end-inspiratory flows are not zero, 

indicating lack of equilibration between airway and alveolar pressures. During volume-

controlled ventilation, an inspiratory pause ≥3 seconds provides best accuracy for Pplat 

measurements in normal and diseased lungs.17,18 Short inspiratory pauses of 0.5 second 

overestimate Pplat by 11% in ARDS patients and 17% in COPD patients.17 Examination of 

the airway pressure tracing available in current anesthesia machines for the presence of a 

plateau at the end of the inspiratory pause allows for better decision on reliability of Pplat 

measurement. Auto-PEEP is another potential source of error by leading to driving pressure 

overestimation as the end-expiratory pressure in alveolar units would be higher than the 

PEEP set in the ventilator and used to compute the driving pressure.

It is important to recognize that driving pressure and total airway pressure measured during 

mechanical ventilation have two components: one related to the expansion of the lungs, the 

other to the expansion of the chest wall. Each of these two components can change 

substantially during disease and surgical conditions and affect the interpretation of the 

driving pressure measurements.

What is transpulmonary pressure and how is it measured?

Transpulmonary pressure (PL) is defined as the pressure difference between the airway 

opening and the pleural surface (fig. 2)19,20. Accordingly, PL comprises the pressure to move 

air through the airways (airway opening – alveolar pressure) and the pressure to overcome 

the lung tissue elastic recoil (alveolar – pleural pressure), the latter most frequently 

associated with lung injury19. Although continuous estimation of PL is feasible, it is usually 

assessed at two critical points during the breathing cycle: the end of inspiration, relevant to 

prevent hyperinflation, and the end of expiration, relevant to avoid lung derecruitment. If 

respiratory flows are zero at these points, the airway pressures (Pplat at end-inspiration and 

PEEP at end-expiration) are presumed to represent alveolar pressures, a reasonable 

assumption in the absence of gas trapping21. This approach to measure PL may have led to 

the misconception that it exclusively expresses pressures at the alveolar level19,22,23. The 

essential concept is that in static, i.e., zero flow, conditions (end-inspiration and end-

expiration) the PL approximates the lung tissue elastic recoil component, which is the 

relevant pressure to quantify stress applied to lung tissue beyond airways14, presumably 

responsible for injury during mechanical ventilation19.

While assessment of airway pressures to calculate PL is simple, estimates of pleural pressure 

are difficult to obtain. Esophageal manometry is currently the most widely accepted method 

to estimate pleural pressures in the clinical setting24-26. For this, a special balloon, either 

incorporated in a stand-alone catheter or as part of a naso- or orogastric tube, is positioned 

with a specific protocol24,27 in the lower third of the esophagus and connected to a pressure 

transducer (fig. 2A). Correct balloon position is confirmed by presence of cardiac oscillation 

in the esophageal pressure trace (fig. 2B) and measurement of airway opening and 

esophageal pressure swings with occluded airway opening (fig. 2A)28. Esophageal pressure 

measurements obtained in this manner more specifically assess periesophageal values, 

approximately at a third to half of the dorsal-to-ventral chest length26,29. In supine patients, 
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they overestimate ventral pleural pressures and underestimate dorsal values given the 

ventral-dorsal increase of pleural pressure30.

Two approaches are used to apply esophageal pressure as a surrogate for pleural pressure 

and computation of PL. One assumes pleural pressure as equal to the absolute esophageal 

pressure directly read from the transducer measurements along the breathing cycle24. These 

measurements can be made at end-inspiration (transpulmonary pressure is equal to Pplat 

minus esophageal pressure at end-inspiration) and end-expiration (transpulmonary pressure 

is equal to PEEP minus esophageal pressure at end-expiration). Such esophageal pressure 

measurements can be affected by the weight of the mediastinum, abdominal pressure, and 

esophageal balloon positioning, and correction factors have been proposed to account for 

those31,32.

The second approach assumes that, while absolute esophageal and pleural pressures can 

differ, their changes are equivalent24,33. Using this approach, pleural pressures and PL can be 

measured in two ways, which present close agreement33: compliance-derived and release-

derived. In the compliance-derived strategy, PL is calculated as the product of the plateau 

pressure and the ratio of compliances of the respiratory system and lung34,35. The 

compliance ratio is estimated during a tidal volume inflation (from PEEP to end-inspiratory 

pressures) from VT and changes in airway and esophageal pressures. This compliance-

derived method assumes that in each patient the changes in esophageal and airway pressures 

are linear during tidal volume inflation and PEEP changes. In the release-derived strategy, 

PL is measured as the change in airway and esophageal pressure from atmospheric pressure 

due to tidal inflation and PEEP33. The release derived strategy involves opening of the 

ventilatory circuit to atmosphere, with risk of lung derecruitment and hypoxemia, while the 

compliance-based strategy does not. A key assumption of the second approach is that pleural 

pressures are zero at zero airway pressure. This would be questionable in resting conditions, 

and, more markedly, in conditions consistent with increased pleural pressures such as in 

obese and ARDS patients19, and presumably during laparoscopic and abdominal procedures. 

In such cases, that assumption could lead to inadequate use of PEEP. The approaches based 

on absolute or differential esophageal pressure to estimate pleural pressure do not provide 

equivalent measurements33,36 and direct comparison to a gold standard are needed.

Recently, an alternative method to assess PL without an esophageal balloon has been 

proposed and validated37. It is based on a PEEP-step maneuver and measurement of changes 

in end-expiratory lung volumes using the spirometer available in some ventilators37.

What is the physiological interpretation of driving pressure and what are its 

clinical applications?

Driving pressures provide an easily measured correlate of global lung strain5,11. Driving 

pressure can be expressed as the ratio between VT and respiratory system compliance (fig. 

1). Respiratory system compliance correlates with the aerated lung volume38. Accordingly, 

driving pressure can be interpreted as a measurement proportional to the VT normalized to 

aerated lung volume and, thus, to be related to global lung strain5. This concept also clarifies 
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the contrast between the strictly volumetric information provided by VT and the additional 

information on lung strain (VT/initial lung volume) contained in the driving pressure (fig. 1).

In agreement with these physiological principles, recent studies confirmed that driving 

pressure explains clinical outcomes related to lung protective mechanical ventilation better 

than tidal volumes both in the intraoperative6,11 and the intensive care5 settings. 

Intraoperatively, a large registry study on patients undergoing non-cardiothoracic surgery 

with general anesthesia and mechanical ventilation indicated that the driving pressure 

presented a continuous and dose dependent relationship to the odds-ratio of major 

postoperative pulmonary complications (pneumonia, pulmonary edema, need for 

reintubation and adult respiratory distress syndrome, ARDS)11. A meta-analysis of 

randomized controlled trials of protective ventilation during general anesthesia indicated that 

the only ventilatory parameter associated with an increase in postoperative pulmonary 

complications was driving pressure with an odds ratio of 1.166.

In intensive care, an analysis of randomized trials of ventilation in ARDS patients found that 

an increase in driving pressure of 7 cmH2O was associated with increased mortality (relative 

risk=1.41), even if plateau pressures and VT were in ranges accepted as protective (plateau 

pressures≤30 cmH2O and VT ≤7 mL/kg) (relative risk=1.36)5. In that study, a driving 

pressure greater than 15 cmH2O was associated with increased mortality5. A subsequent 

investigation of ARDS patients with driving pressures above and below that threshold found 

that the higher driving pressure was associated with higher lung stress39.

While these are not prospective studies, the broad range of cases and patients included 

support the use of driving pressure as a marker of outcomes in mechanically ventilated 

patients. These studies also suggest that the traditional limits of airway pressure (e.g., 

≤30cmH2O2,4) may not be enough to prevent lung injury. Instead, limiting or minimizing 

driving pressures could be a more relevant target. Current estimates for safe driving 

pressures range from 14 to 18 cmH2O5,6,11. Yet, there are caveats to such a concept to be 

discussed below.

Of note, spontaneously breathing patients during pressure-support ventilation can generate 

negative pleural pressures large enough to result in large VT and resulting end-inspiratory 

plateau pressures above set peak pressures. Such plateau pressures can be measured with an 

inspiratory hold and allow for assessment of driving pressures40. Importantly, such 

observation is indicative of large and potentially injurious transpulmonary pressures.

What is the physiological interpretation of transpulmonary pressure and 

what are its clinical applications?

Transpulmonary pressure is the physical quantity measuring the mechanical load applied to 

the lung during ventilation. Accordingly, transpulmonary pressure represents the stress 

applied to the lung parenchyma10,19 potentially conducive to ventilator-induced lung 

injury14,19,27 (note that pressure has units of force/area). Traditional teaching has focused on 

airway pressures as measures of risk for barotrauma and lung injury. Values such as 30-32 

cmH2O have been cited as maximum safe limits during mechanical ventilation2,4. The 
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concept of transpulmonary pressure, and the clinical and experimental evidence that 

followed24,41, emphasize that absolute airway pressures available in the anesthesia machine 

or mechanical ventilator are not the ultimate measure of lung stress. Instead, the 

transpulmonary pressure provides a more accurate measurement of lung stress and risk of 

injury42.

In healthy lungs, ventilator-induced lung injury occurs when stresses result in lung volumes 

nearing total lung capacity, corresponding to a PL~26 cmH2O20. In the clinical setting, upper 

limits for tidal changes in PL of 15-20 cmH2O in healthy patients and 10-12 cmH2O for 

ARDS patients have been recommended24.

Transpulmonary pressure has been used most frequently in the intensive care unit to guide 

PEEP setting in the most difficult patients, including patients with ARDS and obese 

patients25,43-45. The essential rationale is to adjust PEEP to values assuring a positive end-

expiratory PL (e.g., end-expiratory PL=0-10 cmH2O). Based on the definition of PL, titration 

of mechanical ventilation to these values would avoid end-expiratory alveolar collapse.

Application of such transpulmonary pressure based approaches lead to improved 

oxygenation, respiratory system compliance and a trend to reduction in mortality in patients 

with ARDS25,43. Given the significant number of hypoxemic patients with unrecognized 

ARDS46, use of esophageal pressure monitoring might be considered in any patient with 

worsening hypoxemia. In obese patients with respiratory failure, low to negative PL 

predicted lung collapse and intratidal recruitment/derecruitment, providing guidance for 

PEEP selection and recruitment maneuvers45. In the intraoperative setting, PL has been used 

to determine optimal PEEP in patients undergoing laparoscopic bariatric surgery44.

The use of transpulmonary pressure as a correlate of lung stress has limitations27. Compared 

to the simple measurement of driving pressure, esophageal manometry requires additional 

equipment and training in placement and interpretation, hindering its clinical use27. The 

esophageal pressure is affected by several factors such as posture, weight of the 

mediastinum, esophageal smooth muscle compliance and reactivity, and patient effort27. The 

esophageal balloon pressures reflect measurements at the location where the balloon is 

actually placed, i.e., at the height of the esophagus26. Regional variations in lung expansion 

are not necessarily accurately captured by esophageal manometry. Despite such limitations, 

recent data in supine large animals and cadavers support that end-expiratory esophageal 

balloon pressures are reliable estimates of end-expiratory pleural pressures at the level of the 

esophagus, and that end-inspiratory PL estimate end-inspiratory pressures in non-dependent 

lung26 providing a bedside measurement with value superior to other current clinical 

measurements to guide safe mechanical ventilation.

When do driving pressure and transpulmonary pressure diverge and how 

do we interpret these circumstances?

While driving pressures are easier to assess for guidance to avoid ventilator-induced lung 

injury, there are limitations. A major limitation is its dependence on the properties of the 

whole respiratory system and not exclusively the lungs. External to the lungs, the properties 
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of the chest wall including the abdomen influence driving pressure measurements. This 

influence could be misleading as chest wall properties do not reflect increased risk of 

injury16. Thus, in conditions where the chest wall compliance is normal, changes in driving 

pressure will provide an appropriate surrogate for changes in transpulmonary pressures and 

lung strain. However, when chest wall compliance is abnormal, direct assessment of 

transpulmonary pressure could be required to appropriately quantify potentially damaging 

stress applied to the lungs. Common clinical situations in which chest wall compliance lead 

to a divergence between driving pressures and transpulmonary pressures are related to 

increased intra-abdominal pressure due to abdominal insufflation, intra-abdominal 

hypertension, obesity, ascites and body position47-50 and also to thoracic trauma, edema of 

intrathoracic and abdominal tissues, and pleural effusion27. In such cases, airway pressures 

by themselves may be misleading to set mechanical ventilation.

Laparoscopic surgery reduces the compliance of the chest wall, increasing airway 

pressures51,52. Yet, because airway pressures are distributed to the lung and chest wall 

according to their corresponding compliances, airway pressures are not fully transmitted to 

the lungs in terms of equivalent increases in transpulmonary pressures (fig. 2B). Robotic 

surgery, a specific type of laparoscopic surgery, presents analogous situations frequently 

exacerbated by the Trendelenburg position and use of special framework (fig. 2B). Direct 

human data in these conditions to provide quantification of the distribution of airway 

pressures to the lungs and chest wall are lacking.

Measurements of transpulmonary pressure have highlighted the possibility of distinct lung 

stresses during experimental intra-abdominal hypertension48,53. Increasing intra-abdominal 

pressure increased plateau pressure by about half of the applied intra-abdominal pressure, 

but produced minimal change in PL in healthy lungs, emphasizing that airway pressures do 

not reflect transpulmonary pressures53. Increased driving pressures with high intra-

abdominal pressures without a corresponding PL increase have been also observed for 

unilateral atelectasis4148. In contrast, both driving and transpulmonary pressures increased 

with high intra-abdominal pressures in the presence of lung injury48 indicating that lung 

mechanical properties and chest wall compliance affect changes in driving and 

transpulmonary pressures.

Obese patients frequently pose challenges for effective mechanical ventilation54. Increased 

abdominal weight exerts pressure on the diaphragm, increasing pleural pressure45. 

Measuring esophageal pressure in obese patients can help to determine optimal levels of 

PEEP and guide lung recruitment45. When directly guided by esophageal manometry44 or 

indirectly through electrical impedance tomography55, PEEP levels to achieve an end-

expiratory PL≥0 cm H2O during laparoscopic bariatric surgeries were higher than routinely 

used PEEP values: 15-18 cmH2O prior to abdominal insufflation and 19-40 cm H2O after 

insufflation. These numbers are consistent with average supine esophageal pressures of 

12.5±3.9 in the obese vs. 6.9±3.1 cm H2O in controls56.

In summary, driving pressures are easily measured during routine clinical mechanical 

ventilation and should be monitored. Increases in driving pressures should prompt 

identification of potential causes and, if required, interventions to reduce them. In the several 
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discussed clinical conditions in which driving and transpulmonary pressures diverge, if there 

is substantial risk for ventilator-induced lung injury, the use of methods to estimate 

transpulmonary pressure such as esophageal manometry is advisable to guide ventilatory 

management (fig. 3).
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Fig. 1. 
Driving pressure (ΔP) is calculated as the difference between plateau pressure (Pplat) and 

positive end-expiratory pressure (PEEP). Driving pressure is composed of two pressures: 

that distributed to the lung itself, the transpulmonary pressure (ΔPL), and that applied to the 

chest wall (ΔPcw). Rearrangement of the standard respiratory system compliance (CRS) 

equation leads to driving pressure as equal to the tidal volume (VT) divided by CRS. Strain is 

a measure of material deformation relative to its original state. For example, the linear 

displacement of a spring (ΔL) relative to its rest length (Lo), or equivalently the ratio of VT 

to residual functional capacity (FRC). As CRS changes in proportion to FCR, i.e FRC=k × 

CRS, VT/CRS is an approximation of tidal volume normalized to FRC, and ΔP is 

proportional to lung strain. TLC=Total lung capacity. VL = lung volume.
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Fig.2. 
Airway opening, esophageal (Peso) and transpulmonary pressures (PL) measurements. PL is 

defined as the difference between airway opening pressure (blue lines) and pleural pressure. 

Pleural pressure is frequently estimated from esophageal balloon pressure measurements 

(Peso). Using a specific protocol, the esophageal balloon is placed in the lower third of the 

esophagus (2A). Cardiac oscillations in Peso (2B, green lines) indicate accurate placement of 

the balloon, which can be confirmed by observation of similar airway pressure and Peso 

measurements as gentle chest compressions are performed during expiratory pause or with 

occluded airway opening (2A). PL can be estimated as the difference between airway and 

esophageal pressures (red and orange lines). Interventions such as pneumoperitoneum (2B, 

mid panel) produce a marked change in driving pressures (ΔP = plateau pressure, PPlat, 

minus positive end-expiratory pressure, PEEP). In this example, ΔP increased by 7 cmH2O. 

Yet, delta PL (end-inspiratory PL, PL EI, minus end-expiratory PL, PL EE) does not increase 

to the same degree as ΔP and PPlat. The change in delta PL in this example was 4 cm H2O. 

This demonstrates that part of the increase in ΔP and PPlat are due to the chest wall 

component and not to pressures applied to the lung parenchyma. This contribution of the 

chest wall is evidenced by the increased end-inspiratory (EI) to end-expiratory (EE) 

oscillation in Peso after as compared to before pneumoperitoneum. In addition, the 
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esophageal pressure at end-expiration (Peso EE, at ~4 seconds on time scale) is positive 

before pneumoperitoneum while it is negative after pneumoperitoneum. This implies 

mechanical conditions consistent with lung collapse after pneumoperitoneum. Indeed, while 

PL did not increase by the same magnitude as ΔP, it also increased, indicating loss of lung 

compliance. Such conditions could prompt use of higher PEEP to prevent lung 

derecruitment.
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Fig. 3. 
Approach for use of driving and transpulmonary pressures to guide mechanical ventilation 

during anesthesia. Limits presented are based on current experimental and clinical literature. 

Safety limits have not yet been defined in clinical trials.
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